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PREFACE 


Tills  dissertation  is  specifically  concerned  witli 
tlie  magnetic  properties  exhibited  by  a small  class  of  six- 
coordinate  octahedral  cobalt (II)  complexes  which  are 
anomalous  in  their  magnetic  behavior.  This  work  is  pre- 
sented in  two  sections,  the  first  and  major  portion  is 
devoted  to  a theoretical  calculation  of  magnetic 

7 

susceptibility  as  a function  of  temperature  for  a d ion, 
(cobalt(II) ) . The  second  section  involves  electron  para- 
magnetic resonance  measurements  of  some  of  these  compounds, 
and  correlation  of  the  data  with  the  results  of  the 
theoretical  calculations. 

In  order  to  establish  a basis  from  which  to  work,  a 
general  discussion  of  basic  definitions  and  relationships 
for  paramagnetic  ions  and  their  interactions  with  an 
external  magnetic  field  is  presented  in  the  Introduction  of 
Part  I.  This  is  immediately  followed  by  the  specific 
historical  and  experimental  background  which  formed  the 
motivation  and  direction  for  this  study.  There  is  a 
separate  introduction  in  Part  II  for  the  electron  para- 
magnetic resonance  work. 
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PARO}  I 


MAGNETIC  SUSCEPTIBILITY  STUDIES 

♦ 

Introduction" 

Each  atom  or  molecule  tnat  contains  one  or  more 
unpaired  electrons  nas  a permanent  magnetic  moment,  p, 
arising  from  the  spin  and  orhital  angular  momenta  of  the 
unpaired  electrons.  Substances  having  permanent  magnetic 
moments  are  sand  no  be  paramagneuic.  If  the  incomplete 
shells  of  electrons  of  such  substances  are,  to  a first 
approximation,  isolated  from  each  other,  uhey  are  also 
said  to  be  magnetically  dilute.  The  particular  systems 
considered  herein  have  been  demonstrated  to  be  magnetically 
dilute  and  so  this  will  be  assumed  in  all  subsequent 

derivauions. 

In  the  presence  of  an  external  magnetic  field,  H, 
the  magnetic  moments  of  a paramagnetic  substance  are 
quanuized  such  that  they  assume  one  of  a finite  muaber  of 
directions  relative  to  the  field.  There  is  an  overall 

"Most  of  the  equations  and  relationships  established 
in  this  introduction  can  be  found  in  several  different  text' 
books.  The  author  primarily  made  use  of  those  by  Griffith 
[1],  Van  Vleck  [2],  and  Figgis  [33. 
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•fcendency  for  the  magnetic  moments  to  align  themselves  in  the 
direction  of  the  applied  field  since  this  is  the  orientation 
of  lowest  energy.  Hence,  since  a magnetic  moment  by 
convention  has  a north— to— south  direction  (see  Appendix  B) , 
the  substance  will  experience  a force  in  the  direction  of 
the  field  proportional  to  the  degree  of  alignment.  The  net 

A 

positive  macroscopic  moment  is  called  the  magnetization,  M, 
and  is  simply  the  vector  sum  oi  the  individual  magnetic 
moments  for  a subsuance  containing  n magnetic  ions  per  gram 


ion. 


n 


(1) 


Taking  the  field  direction  to  be  along  the  z axis  of  a 
Cartesian  coordinate  system,  the  magnetic  moment  in  the 
field  direction,  )a_,  is 


U-H 

^Z  = IhT 


(2) 


The  macroscopic  moment  in  the  field  direction  is 
obtained  from  the  scaler  product  of  both  sides  of  equation 


(1)  with  the  unit  vector  of  the  field.  Thus, 

n 


M. 


h 


i=l 


z, 


(3) 


Because  of  quantization,  the  )x^  's  have  only  a limited 

number  of  possible  values,  each  associated  with  an  atom 
having  an  energy  Ej_.  The  total  number  of  magnetic  ions 
per  gram  ion  is  N,  Avagadro’s  number,  and  the  fraction  with 
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a magnetic  moment  of  p._  and  energy  E . is  governed  "by  the 

Boltzmann  factor,  From  these  considerations,  and  summing 
over  the  o possible  quantum  states,  equation  (3)  becomes 


-E/kT 


M, 


N 


■-E/kt 


(^) 


2e 

where  the  subscript  j is  to  be  understood. 

The  magnitude  of  M is  proportional  uo  the  field 

z 

strength  tending  to  cause  alignment  and  an  inverse  function 
of  the  temperature  which  is  tending  to  cause  randomness. 

At  any  one  temperature. 


M = 
z 


(5) 


where  "X  is  the  proportionality  factor  and  is  defined  as 
the  paramagnetic  susceptibility  per  gram  ion.  For 
alternative  but  equivalent  definitions  for  these  and  other 
terms,  see  Appendix  A, 

The  magnetic  moment  in  the  field  direction,  u , is 

z 

related  to  the  energy  of  the  ionic  system  in  a particular 
electronic  state,  E,  by  the  equation 

(6) 


^z  = “ 


u 

<)  H 


derived  in  Appendix  B, 

In  order  to  calculate  susceptibilities,  E is  expanded 
as  a power  series  in  H, 

E = Vq  + HV^  + + 


(7) 
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so  Vq  corresponds  to  the  zero-order  energy  of  a level, 

to  the  first-order  Zeeman  energy,  and  V2  the  second- 
order  Zeeman  energy.  From  equation  (6),  the  magnetic  moment 
in  the  field  direction  is 


(8) 


Utilizing  equations  (^)  through  (8)  yields 


M 


N 


, -(W.+m +H^Vo  + ...)/kT 

2(-W^-2HW2  - ...)e  ° ^ ^ 


hut 


2e 


-(Wq+HW^+H  V2  + ... )/kl 


-(VQ+m;^+H^V2  «*-)/kT  -VqAT 


= e 


(1  - 


provided  H terms  are  neglected.  Then 


x= 


N 

E 


2(-V,-2VA  - ...)< 


-VqAT 


a 


-WZ7M' 

re  0 (1-^) 


(9) 


(10) 


(11) 


If  the  substance  possess  no  mean  residual  moment  in  the 
absence  of  the  field. 


-W^/kT  -V^AT 

^^z^H=0®  " ” 2V^e 

Using  this  and  retaining  only  that  part 
of  H, 


= 0 . (12) 
of  X independent 


U. 


u(  - 2\}^)q 


~VqAT 


2e 


-VQ/kT 


X = N 


(13) 
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This  equation  is  of  primary  importance  and  will  he  used  for 
the  theoretical  calculations  of  magnetic  susceptibility  as 
a function  of  temperature.  The  only  physical  assumptions 
which  have  been  made  in  deriving  equation  (13)  are  that 
the  systems  are  magnetically  dilute,  the  terms  of  the  energy 
expansion  dependent  on  H are  «kT,  and  the  susceptibility 
is  independent  of  the  field  strength.  It  will  be  shown 
later  that  within  experimental  error  these  assumptions 
are  valid. 

If  one  makes  the  assumption  that  the  second-order 
Zeeman  effect  is  negligible,  that  is,  the  terms  involving 
V2  are  dropped,  equation  (13)  becomes 

Ee  ^ 

In  the  expansion  of  u , equation  (8),  the  -W-,  term  repre- 
sents  the  contribution  to  the  magnetic  moment  in  the  z 
direction  in  a field- free  system.  Thus, 

. -w,  (15) 

v/here  a prime  indicates  the  field-free  value.  Equation  (1^) 
is  then 


X = 


kT 


.2 


-WQ/kGf 


Ee 


(16) 


Note  that  equation  (16)  involves  a sum  of  squared  terms 
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wh-icli  will  have  a finite  value  and  not  average  out  to  zero 

as  v/ould  a sum  of  n . Equation  (16)  can  now  be  written 

z 


7.  = 


(17) 


— p , 2 

where  u'  denotes  the  statistical  mean  square  of  u' 

Z " 

averaged  over  the  available  levels  of  a system  weighted  by 

the  Boltzmann  factor.  All  special  orientations  will  be 

equally  probable  when  H = 0,  and  u'  may  be  replaced  by  one 

z 

third  the  statistical  mean  squsire  of  the  magnetic  moment  u. 
Hence 


2 


(18) 


This  relationship  was  derived  theoretically  by  Langevin 
[6]  some  years  after  Curie  [?]  experimentally  established 
the  temperature  dependence  of  7, 


^=■5  , 09) 

v;hich  is  referred  to  as  the  Curie  law,  C being  constant 
for  a particular  substance. 

In  most  systems  the  temperature  dependence  of  X 
as  expressed  in  equation  (18)  is  more  complex  and,  in 
general,  magnetic  moments  will  not  be  independent  of 
temperature  over  a large  temperature  range.  However,  for 
qualitative  comparison  it  is  convenient  to  define  a mag- 
netic moment  independent  of  temperature  in  terms  of 
empirical  values  of  X at  any  one  temperature.  This  is  the 
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2 

"effective  magnetic  moment"  xirhich.,  wlien  substituted  for  u 
in  equation  (18),  is  given  by 


^eff 

where 

where 


kT 


h'3 


■X 


= 2,828(X:f)^ 


is  expressed  in  Bohr  magnetons, 


(20) 

symbolized  as  |3, 


P = f~  = 0.9273  X 10"2°  erg-gauss"^  . (21) 

This  will  be  the  unit  used  for  all  magnetic  moments. 

The  Curie  law  as  expressed  by  equation  (19)  is  obeyed 
by  comparatively  few  systems  with  any  degree  of  accxiracy. 
Often  it  is  possible  to  describe  the  variation  of  H with  T 
over  a large  temperature  range  by  the  Gurie-V/eiss  law. 


9C  = * (22) 

The  Veiss  constant  © has  physical  significance  only  in  some 
magnetically  concentrated  systems;  in  magnetically  dilute 
systems  it  is  to  be  regarded  as  empirical  only  and  as  a 
measure  of  how  far  the  system  departs  from  the  ideality  of 
the  Curie  law. 

Magnetic  data  for  most  transition-metal  complexes 
can  be  interpreted  in  terms  of  the  Curie-Veiss  law.  There 
are,  however,  certain  substances  which  exhibit  anomalous 
magnetic  properties,  that  is,  they  are  not  easily 
characterized  by  their  magnetic  moments,  and  the  sus- 
ceptibility is  a more  complicated  fimction  of  temperature 
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■than  is  indicated  by  equation  (22).  It  is  primarily  those 
anomalous  systems  which  are  of  concern  in  this  work. 

The  groxind  term  of  octahedral  d^,  d^,  d^  and  d*^ 
complexes  depends  upon  the  strength  of  the  ligand-field 
potential.  A series  of  ligands  of  increasing  strength  will 
produce  high-spin  compounds  for  weak  ligand  fields  and  low- 
spin  compounds  for  strong  ligand  fields.  For  a compound  to 
be  low-spin,  it  is  necessary  for  the  ligand  field  to  over- 
come the  interelectronic  repulsions  and  force  pairing  of 

7 

electron  spins.  For  a d'  cobalt (Ii)  system  there  are 
comparatively  fev/  ligands  which  manifest  sufficient  field 
strengths  to  accomplish  this,  and  as  a result,  most  six- 
coordinate  octahedral  cobalt (II)  complexes  are  high-spin 
v/ith  magnetic  moments  in  the  range  ^.8  to  5.6  BM  [8].  The 
few  low-spin  six-coordinate  compounds  known  have  magnetic 
moments  in  the  range  1.73  to  2.0  BM  [8,9].  Generally, 
compounds  that  can  be  unequivocably  assigned  as  being  either 
high-spin  or  low-spin  will  exhibit  normal  Curie-Weiss 
behavior,  that  is,  9c  ^(T)  curves  will  be  straight  lines. 
However,  a number  of  complexes  of  cobalt,  and  also  of  iron 
and  nickel  as  well,  have  magnetic  moments  intermediate 
between  the  values  expected  for  high-spin  and  low-spin. 

These  complexes  often  exhibit  anomalous  Curie-Weiss  behavior, 
their  magnetic  moments  being  temperature  dependent. 
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In  192^,  Jackson  [10]  noted  curvature  in  TC^CT) 
curves  below  liquid  nitrogen  temperature  for  some  cobalt(II) 
sulfates,  but  be  could  offer  no  satisfactory  explanation. 

In  1935»  Cambi  and  Szego  [11]  found  a series  of  iron(III) 
dialkyl  ditbiocarbamates  with  curves  containing 

maxima  and  minima,  and  witb  magnetic  moments  intermediate 
between  tbe  values  expected  for  bigb-spin  and  low-spin 
iron(III),  They  proposed  a thermal  ecuilibrixim  between 
bigb-  and  low-spin  isomers  as  an  explanation,  Tbis  work 
was  repeated  in  196^  [12]  witb  tbe  same  results  and  con- 
clusions being  reached.  It  should  be  noted  ubau  Bozza  [13] 
in  1933  also  proposed  a bigb-spin == low-spin  equilibrium  to 
explain  anomalous  magnetic  behavior.  Cambi  proposed  a 
similar  explanation  for  some  anomalous  cobalt (II)  complexes 
[lb]  (tbe  oxamide,  isonitrosomalonamide,  and  pyridine 
isonitrosomalonamide)  and  estimated  tbe  transition  energy 
between  tbe  two  isomers  as  lOOOcal,  Also  about  tbis  time, 
Janes  [15]  noted  an  anomalous  temperature  dependence  of 
susceptibility  for  some  cobalt(II)  salts  and  attributed  it 
to  a thermal  distribution  of  tbe  electron  population  over 
tbe  multiplet  levels  of  tbe  bigb-spin  ground  term. 

Calvin  and  Barkelew  [16]  observed  an  anomalous 
temperature  dependence  of  tbe  susceptibility  for  some 
planar  tetradenuate  complexes  of  cobalt(II)  and  attributed 
tbe  behavior  to  a loss  of  magnetic  entropy.  By  tbis,  they 
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meant  that  degeneracies  of  magnetic  states  were  being  re- 
moved by  distortions  in  crystal  symmetry,  and  that  these 
distortions  were  a function  of  temperature.  One  of  their 
anomalous  compounds  was  restudied  by  Figgis  and  Nyholm  [17] 
who  discounted  their  explanation  and  ascribed  the  curvature 
in  the  curve  to  a large  second-order  Zeeman  effect 

(the  second-order  Zeeman  contribution  to  the  susceptibility 
is  sometimes  called  "temperature  independent  paramagnetism," 
or  the  "high-frequency  contribution"). 

For  a number  of  years  there  has  been  considerable 
interest  in  magnetically  anomalous  tetracoordinated 
nickel(II)  complexes.  French,  Magee,  and  Sheffield  [18] 
observed  that  solid,  diamagnetic  bis(formylcamphorethylene- 
diamine)nick;el(II)  displayed  weak  paramagnetism  in  methanol 
and  they  postulated  a planar = tetrahedral  equilibrium  in 
solution.  Further  studies  by  Willis  and  Mellor  [19]  seemed 
to  indicate  the  same  type  of  equilibrium,  but  in  pyridine 
they  postulated  the  association  of  two  pyridine  molecules 
to  give  an  octahedral  configuration,  and  hence,  a planar  u 
octahedral  equilibrium.  This  idea  was  further  strengthened 
by  the  isolation  of  these  pyridine -coordinated  species  [20], 
The  hypothesis  of  a conformational  equilibrium  such  as  that 
between  planar*  and  tetrahedral  forms,  fell  out  of  favor, 
and  the  idea  of  molecular  association  plus  uhe  new  concept 
of  an  electronic  equilibrium  became  the  accepted  explanation 
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[21,22],  The  idea  of  an  equilibrium  between  singlet  and 
triplet  states  was  placed  on  a quantitative  basis  by  the 
calculations  and  investigations  of  Maki  [25»2h],  and 
Ballhausen  and  Liehr  [253.  This  general  idea  of  higb-spin 
and  low-spin  forms  existing  simultaneously  was  anticipated 
by  Griffith  [26]  who  estimated  that  such  an  equilibrium 
should  occur  when  the  difference  between  the  ligand-field 
strength  and  the  mean  pairing  energy  was  less  than  2000cm'"^, 
Subsequently,  various  authors  have  used  the  idea  of  a 
singlet triplet  equilibrium  in  studies  of  tetracoordinate 
nickel(II)  complexes  [27,28,29,50,31], 

In  1965,  Eaton,  Phillips,  and  Caldwell  [32]  demon- 
strated the  existence  of  a truly  planar  ^tetrahedral 
equilibrium  for  some  bis(E,lI-disubstituted  aminotroponimine)- 
nickel(II)  complexes,  and  concluded  that  the  Maki-Ballhausen- 
Liehr  explanation  and  the  conformational  equilibrium 
explanation  were  both  valid  mechanisms,  Further  studies 
[33,3^]  support  the  conclusions  of  Eaton  et  al.  Recently, 
the  existence  of  a planax  tetrahedral  equilibrium  of 
cobalt(II)  complexes  in  solution  has  been  observed  [35,56], 
There  has  also  been  a tetrahedral ^ octahedral  equilibrium 
observed  for  cobalt(II)  [37,38],  and  another  involving 
octahedral,  pyramidal  and  tetrahedral  species  [59]. 

Studies  of  magnetically  anomalous  iron(II)  complexes 
are  beginning  to  appear  in  the  literature  [40,41,42,^53. 


12 


Iron(II)  is  a ion,  and  a quintet ^ singlet  equilibrium 
has  been  postulated  [^33  to  explain  the  magnetic  behavior. 

Figgins  and  Busch  [^4]  studied  a series  of  six- 
coordinate  octahedral  cobalt (II)  complexes  and  observed 
room-temperature  magnetic  moments  intermediate  between  the 
expected  high-spin  and  low-spin  values.  They  postulated 
an  equilibrium  mixture  of  high-spin  and  low-spin  states  as 
an  explanation.  The  magnetic  moment  of  bis(2,6-pyridindi- 
aldihydrazone) cobalt (II)  iodide  was  measured  over  a 300® 
temperature  range  by  Stoufer,  Busch,  and  Hadley  [^53  and 
found  to  depend  markedly  on  the  temperature.  Again  a high- 
spin  2=  low-spin  equilibrium  was  proposed  and  the  equilibrium 
constant  at  various  temperatures  was  calculated,  Cossee 
[4-6]  measured  the  magnetic  susceptibility  of  Co'^'**  ions  in 
octahedral  interstices  of  an  oxide  lattice  over  the  range 
300°  to  1200°K  and  noted  curvature  in  'X“*^(T)  curves.  He 
explained  the  anomalous  behavior  by  a Boltzmann  distribution 
over  the  three  levels  which  arise  from  the  splitting  of  the 
high-spin  ground  term  by  spin-orbit  coupling  (vide  infra) , 

In  1965 » Hogg  and  Wilkins  [473  examined  some  terpyridine 
complexes  of  cob  alt  (II)  and  foxind  intermediate  magnetic 
moments.  They  suggested  a high-spin  2? low-spin  equilibrium, 
but  concluded  it  cannot  be  simple,  and  that  the  magnetic 
moment  of  either  the  high-spin  or  low-spin  form  or  both, 
must  be  temperature  dependent. 
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Most  of  the  motivation  for  this  dissertation  is 
derived  from  the  work  of  Stoufer,  Smith,  Clevenger,  and 
Norris  [^]  who  investigated  six  octahedral  cobalt (II)  com- 
plexes with  intermediate  magnetic  moments,  and  presented 
'X"’^(T)  curves  for  each.  Other  cobalt (II)  complexes 
exhibiting  similar  behavior  have  also  been  found  by  Fisher 
[5]  and  Ramirez  [48],  A tabulation  of  some  of  these 
compounds  and  their  room-temperature  magnetic  moments  is 
given  in  'Table  1,  and  plots  of  versus  T are  shown  in 

Figures  1 and  2.  In  their  paper,  Stoufer  et  al.  conclude 
that  the  only  qualitative  explanation  for  this  anomalous 
magnetic  behavior  consistent  with  the  experimental  data 
involves  a model  in  which  there  is  a distribution  of  mag- 
netic ions  among  two  or  more  low-lying  electronic  levels. 
They  also  concur  with  the  suggestion  of  Hogg  and  Wilkins 
that  the  characteristics  of  each  level  are  temperature 
dependent.  Data  are  presented  v;hich  indicate  that  other 
possible  explanations  are  improbable.  Careful  chemical 
analysis  eliminates  the  possibility  of  paramagnetic  or 
diamagnetic  impurities  such  as  Co(lII)  from  causing  the 
anomalies.  All  magnetic  susceptibilities  v;ere  measured  at 
different  field  strengths  and  found  to  be  independent  of 
the  applied  magnetic  field.  This  fact  precludes  the 
existence  of  ferromagnetic  interaction  and  justifies  the 
assumption  used  in  the  derivation  of  equation  (15)  that  X 
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TABLE  1 

INTERMEDIATE  MAGNETIC  MOMENTS  EXHIBITED  BY  ANOMALOUS 

COBALT (II)  COMPLEXES 


Comoound 

Room  Tempera- 
ture Moments 

Reference 

I. 

[Co(  terpy)  2^  0^2  ’ ^^’2*^ 

2.51 

5 

II. 

[Co)PdAdH)2]l2 

2.85 

5 

III. 

[Co(BMI)^]l2-H20 

2.91 

4 

IV. 

[Co(PBI)2]l2 

5.72 

4 

V. 

[ Co (terpy) 2] (010^)2- H2O 
(anoxic) 

5.8^ 

5 

VI. 

[Co(PvdH)^]l2 

4-.^! 

4 

VII. 

[Co(GdH)j]Br2 

5.18 

5 

VIII. 

[Co(terpy)2]S0^-  2H2O 

2.98 

5 

IX. 

[Co(terpy)2]l2'^2^ 

3.50 

5 

X. 

[Co(PvdH)j](NOj)2 

4.11 

5 

XI. 

[Co(PvdH)j]Br2 

4.23 

5 

XII. 

[Co(terpy)2](N0^)2 

2.96 

5 

Abbreviations:  terpy,  2, 2', 2"  - terpyridine ; PdAdH,  2,6- 

pyridindialdibydrazone;  BMI,  biacetylbis(metbyliiiiine) ; PBI, 
2,6-pyridindialbis(benzyliinine)  ; PvdH,  pyruval dibydr az one; 
GdH,  glyoxaldibydrazone. 
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is  independent  of  H.  Also,  close  examination  of  the  experi- 
mental curves  finds  that  they  do  not  hear  the  characteristics 
associated  with  antiferromagnetic  interaction,  and  thus 
this  possibility  is  ruled  out.  With  the  elimination  of  the 
possibility  of  ferro-  or  antiferromagnetism,  the  assiimption 
that  these  systems  are  magnetically  dilute  is  justified. 

Spin-orbit  coupling  allows  the  simple  high-spin « 
low-spin  two-level  model  to  become  a five-level  model  [^, 

^93.  It  is  the  purpose  of  the  first  part  of  this  disserta- 
tion to  quantitatively  investigate  this  five-level  model 
and  theoretically  calculate  magnetic  susceptibilities  as 
a function  of  temperature. 

Recently,  Swald,  Martin,  Ross,  and  'I'/hite  [50]  have 
examined  the  anomalous  behavior  of  iron(III)  complexes 
using  a model  similar  to  the  one  mentioned  above  for 
cobalt(II).  A high-spin =* low-spin  equilibrium  had  been 
previously  proposed  for  the  iron(III)  compound  ferromyo- 
globin  hydroxide  [51»52]  as  v;ell  as  for  the  dithiocarbamates 
mentioned  earlier.  The  Swald  model  will  be  examined  in 
detail  in  Results  and  Discussion, 

Calculations 

In  simplest  terms,  the  energy  expectation  value,  E, 
for  any  system  can  be  obtained  from  the  wave  function  V 
describing  that  system  and  the  Hamiltonian  operator 
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B=<Y|f(|v).  (25) 

Equation  (25)  is  expressed  in  th.e  bra  and  ket  notation  of 
Dirac  [53j,  and  for  the  purposes  of  this  dissertation,  can 
be  defined  by  the  following: 

<Y|r)  = Jr*y<ir  j 


Throughout  the  calculations,  the  single-electron 
approximation  will  be  assumed.  Under  this  approximation, 
the  n electrons  are  distributed  among  the  single-electron 
orbitals  with  due  regard  to  the  spin  of  the  final  state. 

The  Pauli  principle  declares  that  all  wave  functions  must 
be  antisymmetrical  in  every  pair  of  electrons.  In  other 
words,  an  interchange  of  two  electrons  must  change  the  sign 
of  the  wave  function.  This  physical  principle  can  be  built 
into  the  mathematical  formadism  by  using  determinantal  wave 
functions.  These  are  of  the  form 

0j^(2)  , . , 0j^(n) 

<?2(2)  • • • 

0^(2)  . . . ^^(n) 

where  0 is  an  orthonormal  single-electron  wave  function  of 
both  space  and  spin. 
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The  hydrogenic  wave  functions,  that  is,  the  orbitals 
s,  p,  d,  etc.,  are  eigenfunctions  of  the  Hamiltonian 
operator 


(26) 


v:here  Z is  the  "effective"  nuclear  charge, 
having  n electrons. 


0 


For  an  atom 


(27) 


By  means  of  perturbation  theory,  it  is  possible  to 
separate  the  total  Plamiltonian  into  several  parts  and 
approximaue  the  energy  by  regarding  the  smaller  interactions 
as  perturbations  on  the  larger  ones.  The  exact  order  of 
the  several  parts  depends  on  the  particular  system  under 
investigation.  An  electron  paramagnetic  resonance 
investigation  of  several  of  the  magnetically  anomalous 
complexes  of  cobalt(II)  reveals  that  there  is  a significant 
amount  of  spin  pairing  in  the  ground  level  [5'4-],  This  is 
indicative  of  a large  crystal-field  splitting  (vide  infra) , 
and  this  spliruing  has  been  estimated  to  be  approximately 
14,000cm  For  a splitting  this  large,  it  is  reasonable 
to  calculate  the  energy  values  for  the  pertinent  levels  of 

7 

a d'  ion  in  an  octahedral  field  by  the  strong-field  method 
outlined  by  Griffith  [55].  In  this  strong-field  coupling 
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scheme,  the  crystal-field  splitting  energy  is  taken  as 
being  greater  than  the  inter-electronic  interaction  energy 
which  is  greater  than  the  spin-orbit  coupling  energy  which 
again  is  greater  than  the  first-  and  second-order  Zeeman 
energies.  This  approach  has  been  used  successfully  by 
Thornley,  Windsor,  and  Owen  [50]  who  v/orked  with  systems 
which  had  crystal-field  splittings  of  only  10,000cm‘'^.  The 
general  Hamiltonian  is  then  written 


where  V is  the  operator  of  the  electrostatic  crystalline 
field,  -ji  is  the  operator  of  the  interelectronic  inter- 
action  energy,  j{  is  the  spin-orbit  coupling  operator, 

o 

and  is  the  operator  of  the  magnetic  field  interaction 
energy.  Evaluating  each  of  these  in  succession  will  evolve 
the  following  general  scheme; 


Y ^ e 

,k  high-symmetry  , m electrostatic 
component  of  ^ ^2® 
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A crystalline  field  of  octahedral  symmetry  splits 


the  five  d orbitals  into  two  sets,  a triply  degenerate  set 
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designated  t2  and  lying  lowest,  and  a doubly  degenerate  e 
set  at  an  energy  A above  tbe  t2  set.  For  the  particular 

7 

case  of  d under  consideration,  the  low-spin  configuration 

6 5 2 
will  be  t2  e,  and  the  high-spin  configuration  will  be  t2  e « 

These  two  situations  are  illustrated  in  Figure  3. 

The  three  d orbitals  which  span  the  t2  representa- 
tion are  related  to  the  three  p orbitals  by  what  is  known 
as  the  p^  isomorphism.  Designating  the  p orbitals  by  their 
m^  values,  they  are  allowed  to  correspond  to  the  t2  set  by 

|p  l)  |dt2  1^  = 1 2-]^  -^(zx-iyz) 

|p  O)  ^ ldt2  O)  = 1//2  (|22)  - I 2-2)  ) ~ i /Ixy  (29) 

|p-i)  |dt2-l)  = 1 21)  ~ (zx+iyz) 

The  notation  in  the  second  column  is  Griffith's;  the 
functions  in  the  third  column  are  complex  and  in  terms  of 
|l,m^^  ; on  the  right  is  the  common  Cartesian  coordinate 
notation.  This  correspondence  allows  one  to  use  theory 
developed  for  field-free  systems  in  systems  having  ions  in 
other  than  spherically  symmetrical  fields.  One  such  modifi- 
cation is  the  replacement  of  the  operator  L by  jfL  where  ^ 
is  a real  number  which  is  unity  for  free  ions.  Under 
octahedral  symmetry  in  the  strong-field  scheme,  K has  the 
value  -1.  This  very  conveniently  allows  one  to  directly 
utilize  the  results  obtained  for  free  ions  since,  from  (29), 
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Fig,  3, -Splitting  of  the  d orbitals  in  an  octahedral 
field. 
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(30) 


For  the  e set 


ee)  = I20)  - l/2(2z^-x^-y^) 


(31) 


ee)  = 1//2(|22)  + 1 2-2)  ) ~ 


In  decreasing  order  of  nagnitude,  the  next  energy 
perturbation  is  the  electrostatic  electron  repulsions  given 
hy  the  operator 


vjhere  r..  ^ is  the  distance  separating  electrons  i and 

It  is  now  necessary  to  ask  what  terms  arise  from  each  of  the 


partly- filled  suhshells,  and  the  terms  are  obtained  by 


possible  ways.  The  coupling  of  spins  is  by  the  vector 
coupling  procedure  and  the  coupling  of  the  space  representa- 
tions is  by  direct  products  under  the  octahedral  group  0. 

A table  of  direct  products  is  given  in  the  table  of  Appendix 
C.  The  nroblem  remaining  is  to  find  the  allowed  terms  of 
and  e^.  This  is  accomplished  by  group  theoretical 
methods  by  noting  how  the  possible  configurations  transform 
under  0.  For  example,  e^  has  one  triplet  state  and  three 


(32) 


af orementioned  configurations . 

A general  configuration  "^2^  has  two  constituent 
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singlet  ones.  These  would  he 

triplet:  'Y  = I©'*’  e"*") 


0~) 


singlet: 


'^2  ■ Id  e ) 

Vj  = \/  m\e*  e’)  - 


e 


where 


■j_ denotes  a determinantal  function  based 

on  the  single-electron  functions  according  to  (25).  The 
manner  in  which  each  of  these  transforms  can  be  determined 
from  their  equivalent  representations  in  terms  of  Cartesian 
coordinates  as  given  in  (29)  and  (51).  Griffith  has  worked 
out  the  results  for  all  and  e^  configurations  C57]. 

For  the  particular  configurations  herein, 

2 

e - 

2 5 11 

^A2  + + -^E 


•T, 


1 


and,  using  Appendix  C, 


, 6 

*2  ® 


+ 2^1^  + 2^12 


n 

The  energy  level  diagram  for  a d system  as  calcu- 
lated by  Tanabe  and  Sugano  [58]  is  shown  in  Figure  4,  and 
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Fig.  4. -Energy  level  diagram  of  a d*^  ion  in  an 
octaJiedral  field. 
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2 ^ 

the  point  at  which  the  E and  terms  have  equal  energy 

is  labelled  the  "cross-over  point."  It  is  presumably  at 

this  point  that  a transformation  from  high-spin  to  low-spin 

character  occurs  and  is  thus  the  specific  region  of  interest. 

At  values  of  A in  the  vicinity  of  the  cross-over  point,  all 

2 4 

terms  other  than  E and  are  of  sufficiently  high  energy 

that  they  may  be  neglected. 

The  next  problem  is  to  find  how  these  two  terms 

split  under  spin-orbit  coupling  and  subsequently  how  they 

mix.  This  is  accomplished  by  taking  the  direct  product  of 

the  irreducible  representation  for  the  spin  part  and  the 

2 

irreducible  representation  for  the  space  part.  For  E, 

the  spin  is  1/2,  and  this  transforms  as  E'  [57]»  From 

Appendix  C,  it  is  found  that  under  octahedral  symmetry  E'  x 

2 

E = U'.  This  means  that  the  E term  is  not  split  by  spin- 
orbit  coupling,  but  does  transform  as  a fo\ir-dimensional 
representation,  U',  under  the  double  group  0*.  For  T-|^, 
the  spin  is  5/2  which  transforms  as  U' . Then,  U'  x T^  = 

h 

E'  + E"  + 2U' , so  that  the  T^  term  splits  into  four  levels. 
Spin-orbit  coupling  may  also  be  viewed  from  a 
vector-coupling,  or  Sussell-Saunders  point  of  view,  whereby 

Ll 

a T^  term  would  split  into  three  levels  corresponding  to 
J = 5/2,  5/2,  and  1/2,  These  arise  from  J = L + S,  taking 

L + Sl  to  |L  - S|  , 

Again  referring  to  Griffith  [57],  J = 5/2  transforms  as 
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U'  + E",  J = 3/2  as  U' , and  J = 1/2  as  E’,  Hence,  there 
is  a one-to-one  correspondence  "between  the  three  Russell- 
Saunders  J levels  and  the  four  levels  derived  from  group 
theory  if  the  E"  and  one  of  the  U'  levels  are  degenerate. 
This  will  he  shown  to  be  the  case  when  the  actual  energy 
of  each  of  these  levels  is  calculated. 

To  distinguish  between  the  different  U*  levels,  the 

U'  symbol  is  followed  by  the  term  designation  from  which  it 

2 

came,  for  example,  U'(  E) . Hov;ever,  since  there  are  two  U' 
levels  originating  from  T^  another  label  must  be  found. 

As  shown  above,  the  U'  levels  can  be  associated  with  a 
specific  J value,  and  so  this  J value  can  be  used  to  dis- 
tinguish between  the  U'  levels,  that  is,  5/2U'(^T^)  and 
3/2U'(^T^). 

The  problem  now  involves  five  levels,  four  arising 

4 2 

from  T^  and  one  from  E,  It  will  be  seen  that  the 
degeneracy  involving  the  5/2U'  and  E"  levels  is  lifted  upon 
further  interaction.  Thus,  in  calculating  the  energy  by 
equation  (23),  there  should  arise  a five-by-five  matrix. 

It  should  be  recalled  that  the  ultimate  objective  is 
the  calculation  of  magnetic  susceptibility  as  a function  of 
temperature  by  means  of  equation  (13).  The  energies  of  the 
levels  discussed  above  correspond  to  the  Wq  terms  of 
equation  (13).  These  terms  enter  through  the  Boltzmann 
factor  and  need  only  be  relative  to  a ground  zero.  Thus, 
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4-  2 

it  is  ttie  difference  in  energy  between  tbe  and  E terms 
wbicb  is  important,  and  tbeir  absolute  energies  need  not  be 
calculated.  Therefore,  only  tbe  spin— orbit  and  magnetic 
interaction  parts  of  tbe  Hamiltonian  in  equation  (28)  must 
be  calculated  explicitly, 

Tbe  spin-orbit  coupling  Hamiltonian  can  be  obtained 
from  Dirac's  relativistic  equation  [593 1 an<i  for  a central 
field  of  potential  V,  is 


i J • s = i 


V is  Ze/r  for  a one-electron  atom  so  is  positive, 

an  n-electron  system. 


(53) 

For 


ii  • Si  (5'^) 

1 = 1 

Operating  on  wave  functions  wbicb  are  products  of  radial, 
angular,  and  spin  components,  tbe  radial  portion  can  be 
integrated  out  witb  ^(r),  Tbe  evaluation  of  tbe  radial 
integral  depends  on  knowing  tbe  radial  part  of  tbe  wave 
fmction  wbicb  is  assumed  to  depend  on  tbe  quantum  numbers 
n and  l plus  S(r),  As  a result,  tbe  integral  is  custom- 
arily set  equal  to  b ^ ^nl  ’ ^n  1 called  tbe  single- 

electron spin— orbit  coupling  constant  for  an  nl  orbital. 
Equation  (3^)  becomes  for  5<i  electrons  (witb  ^32^ 
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h ' C55) 

A j)ical  function  can  be  written  as 

■t^e^  ^ U'l^  , or  in  general  as  where 

2S=1 

a is  the  parent  configuration,  p the  term  under 

octahedral  symmetry,  3 is  a label  to  distinguish  repeated 
representations  of  P,  P itself  the  representation  arising 
from  spin-orbit  coupling,  and  il’  the  quantum  number  repre- 
senting the  different  rows  of  the  representation  T in 
the  octahedral  field.  The  matrix  elements  will  then  be  of 
the  form 


2S.4.1 

(“i 


23,-i-l 


a 


The  spin-orbit  coupling  operator,  ji  , belongs  to  the 

o 

representation  A^  of  0*  and  so  the  matrix  will  be  diagonal 
in  r*  and  IT*,  Hence,  the  five-by-five  matrix  is  immedi- 
ately reduced  to  a three-by-three  involving  the  U'  levels 
and  two  one-by-one  matrices  for  the  E'  and  S"  levels. 

In  order  to  calculate  these  matrix  elements  in  terms 
of  spin-orbit  coupling  constant,  it  is  necessary 

to  trace  back  to  find  specifically  the  determinantal  wave 
functions  from  which  the  levels  are  derived.  As  an  example, 
this  v;ill  be  carried  out  step  by  step  for  the  5/2U'(^T^) 


level. 
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Because  of  tiie  diagonalization  in  M'  , it  is  only 
necessary  to  select  a particular  M*  and  work  within  it, 
the  result  being  the  same  no  matter  which  M'  is  selected. 
For  reasons  which  will  become  apparent  later,  the  5/2U' 
level  is  designated  0^  and  the  K component  is 


U'k 


<> 


The  first  step  is  to  find  how  the  5/2U’k  component 
arises.  This  was  previously  shov/n  to  be  a result  of 

IL 

coupling  the  spin  representation  of  T^  with  the  space 
representation,  and  was  U'  x T^  where  this  particular  U'  is 
the  representation  for  3/2  spin.  In  Appendix  D are  tables 
reproduced  from  Griffith  [37j  of  coupling  coefficients  for 
the  octahedral  group.  In  essence,  these  coupling  coeffi- 
cients are  the  expansion  coefficients  <^S  P | S P p 

in  the  transformation  from  the  S P system  of  quantiza- 
tion to  the  SP3P'M'  system: 


<^S  P M 

Referring  to  Appendix  D,  it  can  be  seen  that  the  5/2U'k  com- 
ponent can  arise  from  three  different  possible  combinations 
of  U’  X T^,  A linear  combination  of  all  three  is  used. 
Hence 


SPpr'M')  = E 

S T’ 


I srpPM')!  SPMgM^) 


t/e^ 


Tn 


5 


u 


1 

m 


i ii"o> 


i 


1 


yio 

T^  V -l) 


i 

(36) 
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wiiere  the  terns  on  the  right  are  in  the  system 

of  quantization. 

It  is  now  necessary  to  find  the  source  of  each  of  the 

three  new  functions  of  equation  (36).  From  previous 

explanations,  it  is  known  that  the  term  arose  from  a 

5 2 

coupling  of  the  terms  for  the  ^2  and  e configurations.  It 

5 2 2 

was  seen  that  t^  gives  rise  to  a T2  'term  and  e gives  rxse 

to  a -^k2  plus  several  singlet  terms.  However,  only  the 

4. 

triplet  is  needed  here.  Thus  the  term  arises  from  a 
2 ^ 

coupling  of  T2  and  A2.  It  is  essential  to  recall  that 
the  space  coupling  is  basically  independent  of  the  spin 
coupling.  Looking  first  at  the  space  part,  it  is  necessary 
to  see  from  which  components  of  T2  x A2  the  specific  T^ 
functions  of  equation  (36)  arise.  These  are  given  in 
Appendix  D. 

For  the  spin  part,  the  T2  term  is  a doublet  so  S = 

1/2  which  transforms  as  E* ; the  A2  term  is  a triplet  so 
S = 1 which  transforms  as  T^,  Appendix  D contains  the 
coupling  coefficients  for  E'  x T^,  and  from  this  the 
possible  combinations  to  give  the  needed  components  for 
a U’  (3/2)  spin  are  found.  Thus, 


5 

2 


T^  K 


0)  = 0,  ^A2  ia2) 


where  it  is  seen  that  the  space  part,  T^O  arises  from  T2O  x 
k2^2^  spin  part,  3/2  k , arises  from  E'a'  x 1^1,  a' 
being  the  +1/2  component  of  an  E'  spin.  For  the  other 
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functions , 


Each,  of  these  of  co\irse  must  be  multiplied  by  the  appropri- 
ate coefficient  for  each  of  the  three  original  functions 
of  equation  (3o)» 

Again  it  is  necessary  to  find  how  each  of  these  four 
new  functions  arises.  They  are  combinations  of  terms  from 
the  configurations  from  t2^  and  ^A2  from 

e ).  These  configurations  arise  from  certain  combinations 
of  determinantal  wave  functions  which  are  given  in  Appendix 
D.  Thus, 


The  function  on  the  right  is  a determinantal  wave  function 


sents  l"^!”  , etc.,  and  5,  = 1//2(12)  - |-2)  ),  ©=  | o)  , 
and  £ = 1//2(|2^  + |-2^  ).  Each  ket  is  with  1 

understood  to  be  2.  Care  must  be  taken  with  the  function 


the  space  part  of  ©£  gives  1/  f2{  e“  + e“  e"*”)*  so 


2 

made  up  of  seven  single-electron  functions  where  1 repre- 


containing  for  this  is  a triplet  with  M = 0 

s 


which  is  the  combination  1/  /*2(a3+3cx).  Coupling  this  with 
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T2  I 1 ,^A20a2>  = - 1/  7 2 | ©+  £-) 


and 


■T, 


- I l.^laj)  = - S.^  O*  i*)  . 


For  the  remaining  function, 

\ - I -1,^A2-Ia2)  = 1 1^-1“  e"  £~) 

Collecting  all  the  coefficients,  the  final  functions  which 
make  up  (f)^  are 


A. 

I//T5 

Ii2- 

-l2 

r 

e" 

B. 

1/  f30 

ii"- 

-l2 

e* 

C. 

1/  JTo 

-l2 

e" 

D. 

1/  /To 

ii- 

-l2 

5,^ 

e* 

E.- 

■ J 5/6 

li^- 

-1" 

5^ 

e" 

■> 


In  Appendix  E are  presented  the  combinations  of  single- 
electron determinantal  functions  which  compose  the  rows  of 
each  representation  used  herein. 

The  problem  now  is  to  evaluate  the  matrix  element 

(‘^3  I ^s  I ^3)  (?^j=A  + B + C + D + E.  The 

Hamiltonian  operator  ji  is  expressible  as  /f  =2^  (i) 

s s ^ s 

where 

= ^^5  1""®“  + I + l^s^)  (37) 


and 


1/2 


1*1  im)  = [ Xl+1)  - m(m+l)}  |lni+l) 

1^1  Im)  = m I Im) 


(38) 
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s~a  = p s‘*'a  = 0 s a = l/2a  (58  cont'd) 

z 

s“j3  = 0 s"*’3  = a s S = -1/2P 

— 2 

As  an.  example  of  a typical  calculation,  the  term 
(/Al-^f^lD^  will  now  he  examined.  This  can  he  viewed  in 
general  as  an  evaluation  of 

/a^(l)a2(2)aj(3)a^(h)a^(5)ag(6)a^(7)l  | ag(l)a^(2)a^Q(3) 

aii(h)ai2C5)ai~(6)ai^(7)) 

where  the  a^'s  represen'c  single-electron  functions  belonging 
to  electron  (i),  and  A^  is  a single-electron  operator. 

Since  these  single-electron  functions  are  all  orthogonal, 
the  above  integral  is  zero  if  the  bra  and  ket  differ  in  more 
than  one  function.  For  instance,  if  all  are  the  same,  the 
above  becomes 


2 


^i 


and  if  one  pair  is  different,  there  is  only  one  uerm. 


v;here  a and  b are  the  non-equivalent  pair.  It  is  often 
necessary  to  permute  the  f met ions  to  achieve  a maximum 
amount  of  correspondence,  care  being  taken  to  evaluate  the 
correct  parity  of  the  permutation. 

Returning  to  the  specific  example  of  /Ali^gjD^  , 


this  is 
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15/2  ^ 

-l"'C3)i,'WJ*(5)e*(6)/(7)> 


where  it  is  noted  that  performing  the  permutation  P = [lA-]* 
[12]  on  I)  puts  it  equal  to  A except  for  the  function  be- 
longing to  electron  (1).  Therefore,  the  above  integral 
reduces  to 


Table  PI  of  Appendix  P lists  the  eigenvalues  belonging  to 
the  ten  single-electron  functions  of  the  d subshell  as 
calculated  from  the  relations  of  (58).  The  above  integral 
calculates  out  to  be  1/50  5 . The  results  of  the  entire 

level  are 


(Al^glf)  = (Dli^glA)  =1/50^ 
=1/60^ 

(C|/fg|c)  =1/60^ 

(d|/{^1I))  = -1/60^ 

=5/12^ 


with  all  other  combinations  giving  zero.  Totalling  these 
values  it  is  found  that 


(^3  14 


The  results  for  the  other  four  levels  are 
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U'C^E):  <4*1  1 I <ii)  =0 

3/2U'  (\)  : ((^2  I 1 9*2)  ' ^ 

S'(\):  =-5/6< 

3"(\):  (05  1 #<s  I 9)5)  =1/25 

Note  that  the  5/2U*  and  E”  are  degenerate  in  the  absence 

of  further  interaction  and  the  situation  at  this  point  is 

as  depicted  in  Eigure  5*  -he  energy  difference  between  the 
'4-  2 

and  S terms  is  defined  by  the  arbitrary  parameter  S 
which  will  be  positive  to  the  right  of  the  cross-over  point 
and  negative  to  the  left. 

In  the  vicinity  of  the  cross-over  point,  the  re- 
lationship 


A = Tt  + S (39) 

should  hold,  where  A is  the  crystal-field  splitting  energy 
and  % is  the  mean  pairing  energy.  No  attempt  has  been 
made  to  quantitatively  relate  S to  A for  two  reasons:  (1) 

A is  not  required  for  the  calculation  of  magnetic  suscepti- 
bilities; (2)  there  does  not  seem  to  be  any  general  agree- 
ment on  a value  for  the  mean  pairing  energy  of  cobalt(II) 

(see  [5]  and  the  discussion  therein). 

2 

The  U'  level  arising  from  E has  off-diagonal  ele- 
ments v;ith  the  3/2U*  and  5/2U*  levels  of  and  these  are 


calculated  to  be 
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Fig. 


S'',U' 


U' 

E' 


M. 


U' 


4 2 

.-Splitting  of  the  T,  and  E terms  under 
spin-orbit  coupling. 
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(^1  I 1 «^2> 

('^1  I 1 *^5) 


<^2 

(<^3 


«^l) 

01> 


= l//5^ 

= 3//5  5 


If  the  zero  of  energy  is  taken  as  the  unperturbed  energy  of 
2 

the  S term,  one  has  the  matrix  shovm  in  Table  2,  Diagonal i- 

4. 

zing  the  matrix  and  plotting  the  energies  of  the  live 

levels  as  a function  of  S gives  the  diagram  depicted  in 

Figure  6.  These  are  the  Wq  energies  required  by  equation 

(13).  This  diagram  is  consistent  with  that  of  Liehr  [49] 

who  has  presented  the  entire  energy-level  diagram  for  an 
7 

octahedral  d ion. 

The  last  perturbation  to  be  considered  is  the  inter- 
action of  the  several  electronic  levels  with  an  external 
magnetic  field.  The  effect  of  such  a field  is,  in  general, 
to  remove  the  remaining  degeneracy  present  in  each  level. 

If  J is  a good  quantum  number,  a magnetic  field  will  produce 
2J  + 1 equally  spaced  magnetic  states.  The  Hamiltonian  for 
this  energy  perturbation  is 

= h“^3H(L  + 23)  (40) 

which  is  the  quantum  mechanical  analog  of  equation  (10)  of 


"Diagonalization,  plus  all  other  nontrivial  numerical 
computations  discussed  herein,  were  performed  on  an  IBM  709 
at  the  University  of  Florida  Computing  Center.  Listings  of 
the  pertinent  programs  are  given  in  Appendix  I. 


TABLE  2 

SPIN-ORBIT  COUPLING  MATRIX  FOR  IN  UNITS  OF 
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Fig.  6. -Zero-field  energy  levels  for  a system  at  the  cross-over  point  in 
an  octahedral  field. 


Appendix  B.  Since  in  an  octahedral  field  the  susceptibility 
is  independent  of  the  field  direction,  the  magnetic  field 
is  taken  to  be  coincidental  with  the  z axis,  and  eQ.uation 
(^0)  becomes 

s (1  t 2s,  ) . (in) 

i i i 

The  relationships  of  (38)  show  that  this  operator  is 
diagonal  in  M,  so  the  matrix  elements  needed  are  of  the 
form 


where  Y represents  the  functions  belonging  to  the  levels 
of  Figure  6. 

The  first-order  Zeeman  effect  involves  magnetic 
states  within  a particular  level,  thus 

= HV/^  = A.  . (A2) 

from  which  it  can  be  seen  that 


S 


(1, 


+ 2s 


where  is  in  iinits  of  p. 

The  second-order  Zeeman  effect  arises  from  off- 


diagonal  terms  which  allow  mixing  of  magnetic  states  of  dif- 
ferent levels.  The  result  is  either  a raising  or  lowering 
of  all  the  magnetic  states  of  a given  level.  Second-order 
pert;zrbation  theory  yields  the  expression 


^2 


g (2)  2 

J-  J 

for  the  necessary  energies, 
e/2)/h2. 


The  desired  term,  V2,  is  then 


As  a check,  the  first-order  Zeeman  energies  are 
derived  for  the  individual  states,  that  is,  in  the 
absence  of  interaction  between  the  U'  levels  under  spin- 
orbit  coupling.  This  is  easily  accomplished  using  the  form 
of  the  Hamiltonian  given  in  equation  (^1),  and  the  table  of 
functions  in  Appendix  E.  In  Table  E2  are  listed  the 
eigenvalues  belonging  to  the  single— electron  functions. 

Table  3a  gives  the  results  for  each  of  the  five 
levels.  The  energies  are  given  in  units  of  pH  and  the 
splittings  will  be  gPH  where  g is  the  Lande  splitting  factor. 
The  unequal  splitting  of  the  5/2U'  level  is  the  result  of 
neglecting  the  degeneracy  of  this  level  with  the  B”  level. 

The  J = 5/2  level  of  Figure  5 is  actually  a linear  combina- 
tion of  (j)-^  and  and  so  are  the  magnetic  states.  Under 

the  operator  (j)^  interacts  with  y and  0^  inter- 

acts  with  (p  ^ , The  particular  linear  combination  is 
readily  calculated,  and  the  new  functions,  designated  by  S, 
are  given  in  Table  3b,  It  is  seen  that  there  are  now  six 
equally  spaced  states.  The  g values  of  Tables  3a  and  3b 
are  the  same  as  calculated  by  Griffith  [60], 


^2 


0/ 

<t>^ 


0?A3LE  5a 

FIRST-ORDER  ZEEIIAJT  ENERGIES  FOR 

Units  of  3K 

-1 

1 

-1 

1 

9/5 

5/5 

-3/5 

-9/5 

-22/15 

2/5 

-2/5 


STATES 


22/15 


^4 


Table  5a  (cont’d) 

Units  of  3H 

(f)  a.'  ^ 


(j)  P' 


-2 


-2/3 

9^5^  2/5 


TABLE  5b 

FISST-ORDER  ZEEMAN  ENERGIES  FOR  LINEAR  COMBINATION  OF 


(p^  AND 


Units  of  3H 


= 1/  /6(  + /s  ) 6/5 

Sj  = I/TSC-  /5  -2 

Sj  = 0/  2/5 

S4  = <l>^  -2/5 

Sj  = 1/  / 6(  y”5  ‘P^  + (Z>5“’ ) 2 

S^.l/re(p; 


-6/5 


^5 


Each  of  the  three  U‘  levels  of  Figure  6 is  a linear 
combinatiorL  of  (j) 2->  an<i  and  it  is  the  and  W2 

values  for  these  levels,  as  well  as  for  the  E’  and  E" 
levels,  xirhich  are  needed.  For  the  three  U'  levels,  the 
desired  matrix  elements  are  of  the  general  form 


<aii  0^^  + a.2^  02^"^  + ^51  03^1^1  |^l^  ^3^). 


The  coefficients  of  the  linear  combinations  are  already 
available  from  the  diagonalization  process  of  the  spin- 
orbit  coupling  matrix.  All  parameters  necessary  for 
determining  Wq,  and  U2,  and  hence  X,  have  now  been 
determined. 

A brief  discussion  of  units  is  appropriate  at  this 
point.  It  is  shovm.  in  Appendix  B that  a convenient  unit 
for  u , the  magnetic  moment,  is  erg-gauss“^.  From  equations 

(2),  (3)>  and  (5),  it  can  be  seen  that  X then  has  the 

_2 

units  of  erg-gauss  per  gram-ion.  Equation  (13)  is  used 
to  calculate  X which  means  that  Wq  must  have  the  same  units 

as  kT,  and  the  term  (V^/kT  - 2V2)  must  have  the  units  of 

-2  . -1 
erg-gauss  -xon 

The  Wq  values  are  calculated  in  terms  of  the 
spin-orbit  coupling  constant,  which  is  usually  expressed 
in  cm”^.  Thus,  for  the  exponential  terms,  k is  expressed 


^6 


as  0,6952cm  ^-deg  ^-ion  As  calculated,  is  in  units 

of  P,  th.e  Bokr  magneton,  and  per  ion.  3 is  0,9275  x 10*"^^ 

-12  2-2  —2 
erg-gauss  so  has  the  units  erg  -gauss  -ion  . This 

is  divided  by  kT,  and  here,  k is  expressed  as  1.580^7  x 

10“^^erg-deg’’^-ion“^ , so  V^/kT  has  the  same  units  as  X, 

2 

The  units  of  ^2  are  3 per  ion,  divided  by  the  units  of 

Vq,  Converting  the  cm“^  of  Vq  to  ergs,  leaves  W2  with 

-2  -1 

the  units  erg-gauss  -ion  which  is  what  is  needed. 
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Results  and  Discussion 

The  susceptibility,  as  calculated  from  equation  (15) i 
is  dependent  on  three  variables,  S,  and  T,  these  not 

being  necessarily  independent  of  each  other.  The  W's  are 
functions  of  S and  h. 

The  one-electron  spin-orbit  coupling  parameter, 
has  a free-ion  value  of  515cm”^  for  Co(II)  [61],  but  this 
is  expected  to  be  smaller  for  ions  in  a crystalline  field 
[62],  Several  test  computations  were  made  using  a range 
of  values  for  | ; however,  the  susceptibilities  were  found 
to  be  relatively  insensitive  to  these  variations  and  the 
general  shapes  of  the  "X'^CT)  curves  v/ere  not  affected  at 
all,  Liehr  [A-9]  used  a value  of  ^50cm”^  which  has  been 
adopted  for  the  calculations,  treating  ^ as  a constant 
independent  of  the  electronic  state. 

Initial  susceptibility  calculations  were  made  hold- 
ing S constant  and  curves  of  the  form  shown  in  Figure  7 
resulted.  For  a S value  of  +4-000cm”^,  corresponding  to  a 
very  strong  crystalline  field  (sufficiently  far  from  the 
cross-over  point  that  the  system  can  be  considered 
essentially  low-spin),  one  finds  the  X~^(T)  plot  to  be 
linear  from  0°K  to  well  above  room  temperature.  As  the 
value  of  S is  reduced  from  large  positive  values,  through 
the  cross-over  point  and  to  large  negative  values,  the 
curves  show  a continual  decrease  in  slope.  Concomitantly, 
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there  is  a small  degree  of  cxirvature  incipient  at  high 
temperatures.  The  appearance  of  this  curvature  occurs  at 
lower  and  lower  temperatures  as  the  overall  slope  decreases 
(with  decreasing  S ) , the  high-temperature  portion  reverting 
to  straight-line  "behavior.  At  a h value  of  approximately 
-SOOcm"^,  the  plot  is  essentially  straight-line  over  the 
entire  temperature  range.  With  a further  decrease  in  S, 
the  general  slope  continues  to  decrease  but  the  curvature 
reverses,  that  is,  it  turns  away  from  the  temperature  axis 
and  its  point  of  appearance  begins  to  shift  back  toward 
higher  temperatures. 

The  curvature  is  caused  by  tv;o  factors  operating  in 
equation  (2):  1)  the  second-order  Zeeman  energies,  W2» 

which  tend  to  decrease  the  slope  as  the  temperature  in- 
creases since  V/2  is  always  negative  for  the  ground  level; 

2)  the  influence  of  the  Boltzmann  factor  which  will  tend 
to  decrease  the  slope  with  increasing  temperature  to  the 
right  of  the  cross-over  point  where  contributions  from 
excited  levels  will  increase  the  value  of  7-  (decreases  1/X  ) 
and  increase  the  slope  with  increasing  temperature  to  the 
left  of  the  cross-over  point  where  the  contributions  from 
excited  levels  decrease  the  value  of  X,  With  either  one 
of  both  effects  operating,  there  is  significant  deviation 
from  the  normal  Curie-Weiss  behavior,  and  evaluation  of  a 
Weiss  constant  is  meaningless. 
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Recently,  Barraclough  [65]  performed  calculations 
similar  to  tliose  described  herein,  and  derived  curves 
analogous  to  those  of  Rigure  7.  His  results  differ  signifi- 
cantly from  the  present  ones  only  in  the  vicinity  of  h = 0, 
He  takes  into  account  the  contribution  to  X only  from  the 
groimd  electronic  level,  neglecting  the  contributions  from 
the  other  four  levels  (see  Figure  5). 

Using  equation  (20)  at  a S value  of  -hOOOcm”^,  a 
room-temperature  magnetic  moment  of  BM  is  calculated 

which  lies  toward  the  lower  limit  of  the  range  customarily 
quoted  (h.8  to  5.6  BM)  for  pure  high-spin  complexes  [8], 

This  lower  value  may  be  attributed  in  part  to  the  neglect 
of  mixing  of  high-energy  terms  other  than  E with  the  ground 

H.  . 

term  T^  (see  Figure  h),  a reasonable  omission  in  the 
vicinity  of  the  cross-over  point,  but  a less  and  less  valid 
approximation  as  one  proceeds  to  weaker  and  weaker  fields. 
Presumably  then,  if  one  were  to  include  matrix  elements  of 
interaction  with  higher  energy  terms,  sufficient  additional 
orbital  angular  momentum  would  be  introduced  into  the  re- 
sultant ground  level  at  large  negative  values  of  S to 
produce  the  moments  more  frequently  encountered  experi- 
mentally. At  a S value  of  +4000cm”^,  a room-temperature 
magnetic  moment  of  1.76  BM  is  calculated,  in  excellent 

agreement  with  the  spin-only  (strong  field)  moment  of  low- 

n 

spin  octahedral  d'  complexes.  Thus,  increasing  8,  which 
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corresponds  to  increasing  the  crystalline  field,  causes 
the  effective  magnetic  moment  to  decrease  in  the  fashion 
shown  in  Figure  8.  The  important  point  to  he  noted  is 
that  a smooth  decrease  in  room-temperature  magnetic  moments 
from  high-spin  to  low— spin  values  for  Co(II)  complexes, 
concomitant  with  increasing  crystal-field  strength,  should 
be  regarded  as  an  expected  phenomenon, 

A very  interesting  and  apparently  unreported 
phenomenon  has  resulted  from  the  calculation  of  the  separate 
contributions  to  the  overall  susceptibility  from  each  of 
the  five  levels  of  Figure  6,  namely,  the  existence  of  nega- 
tive contributions  to  X from  excited  (thermally  accessible) 
levels.  Individual  percentage  contributions  of  the  levels 
at  various  values  of  S and  T,  as  calculated  from  equation 
(13) j are  reported  in  Table  The  unexpected  negative 
contributions  are  the  direct  result  of  the  inclusion  of  the 
second-order  Zeeman  energy,  W2,  in  the  computation. 
Examination  of  equation  (15)  reveals  that  a large  positive 
value  for  can  give  rise  to  a negative  contribution  to  X 
for  a particular  level  should  2V2  be  larger  than  V^^/kT, 

The  increasing  size  and  frequency  of  occurrence  of  negative 
contributions  with  increasing  T,  as  a result  of  the  inverse 
temperature  dependence  of  the  term  /kT,  is  apparent  in 
Table  Positive  values  of  W2  sorise  for  certain  excited 
levels  because  of  the  form  of  equation  (h3).  If  the  shift 


52 


INDIVIDUAL  PERCENTAGE  CONTRIBUTIONS  OF  THE  FIVE  LEVELS  TO  X 
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in  energy  due  to  the  second-order  Zeeman  effect  for  a 

particular  level  is  primcirily  the  result  of  mixing  of  the 

magnetic  states  from  a level  of  lower  energy,  then  the 

denominator  on  the  right  of  equation  (41)  determines  that 

(2) 

and  hence  V2,  v/ill  be  positive. 

It  is  evident  from  Table  4 that  the  contributions  to 
X from  excited  energy  levels  due  to  a Boltzmann  distribu- 
tion are  significant,  at  least  in  the  vicinity  of  the  cross- 
over point.  For  example,  at  a S value  of  zero  and  a 
temperature  of  300°K,  the  E'  level,  lying  approximately 
190cm  ^ above  the  U'  ground  level,  contributes  59.5  pei*  cent 
to  the  overall  susceptibility.  At  a S value  of  +1000cm*’^ 
where  the  energy  separation  is  about  900cm“^,  the  contri- 
bution from  E'  has  dropped  to  5.7  per  cent. 

Although  the  mathematical  model  thus  far  presented 
affords  an.  explanation  of  the  existence  of  intermediate 
magnetic  moments,  it  does  not  lead  to  susceptibility  curves 
containing  maxima  and  minima  as  are  observed  experimentally 
(Eigiires  1 and  2),  In  order  to  extend  the  theory  further, 
in  the  hope  of  resolving  the  problem  while  remaining  within 
the  formalism  already  developed,  it  is  necessary  to  examine 
some  of  the  assumptions  inherent  in  the  calculations. 

The  curves  of  Figure  7 were  calculated  for  constant 
values  of  S.  However,  it  is  \mreas enable  to  presume  that 
5 remains  constant  over  a large  temperature  range,  and  in 
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fact  it  is  much,  more  logical  to  expect  the  crystal-field 
potential  to  be  a function  of  temperature.  As  the  tempera- 
ture of  the  sample  increases,  the  populations  of  the  various 
excited  vibrational  levels  are  increased.  An  harmonicity 
of  the  vibrations  would  thereby  increase  the  average 
ligand-metal  distance,  and  hence  decrease  the  potential 
around  the  metal  ion  [6-i].  Such  shifts  in  A (and  thus  % ) 
should  be  observable  in  the  vibrational  spectra  of  transi- 
tion-metal complexes,  and  this  has  apparently  been  observed 
for  some  ions  [65].  Also,  in  an  EPR  study  of  anomalous 
cobalt(II)  complexes  [5^^],  data  are  presented  which  strongly 
indicate  that  8 is  very  temperature  dependent. 

To  determine  the  dependence  of  8 on  T from  first 
principles  v;ould  require  an  intimate  knowledge  of  both 
inter-  and  intra-molecular  interactions  as  x^ell  as  their 
interdependence,  internuclear  separations,  and  in  general, 
detailed  information  which  is  not  presently  available  and 
which  can  be  obtained  only  by  rather  lengthy  and  involved 
experiments.  It  was  therefore  decided  to  assume  a general 
equation  for  S as  a function  of  temperature  of  the  form 

S = 8q  + aT  + bT^  + cT^  (4^) 

The  coefficients  were  chosen  such  that  the  overall 
shift  in  8 over  a 400°K  temperature  range  would  be  on  the 
order  of  1200cm  ^ at  a maximum.  Shifts  in  the  optical 
spectra  of  some  crystalline  hydrated  transition-metal  ions 
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have  been  observed  to  be  200  to  500cm“^  over  a 200°K 
temperature  range  [653.  The  cobalt(II)  salt  studied  was 
CoS0^*7H20,  for  which  a rather  large  shift  of  the  absorption 
assigned  to  a superposition  of  T^(^P)  and 

A2C"^P)  transitions  was  observed,  A shift  of  500cm'”^  for 
this  band  would  correspond  to  a change  of  crystal-field 
potential  of  approximately  600cm“^  (maximum) , Over  a 
^00°K  range,  one  might  therefore  expect  a shift  upward  of 
1200cm~^ . 

With  the  above  criterion  in  mind,  various  values  for 
the  coefficients  a,  b,  and  c were  selected.  By  varying  Sq, 
the  value  of  ^ at  0°K,  and  embodying  equation  into  the 

computation  of  7C,  curves  such  as  those  shown  in  Figure  9 
were  produced.  The  values  of  Sq  and  the  coefficients  for 
each  curve  of  Figure  9 are  given  in  Table  5*  la  general, 
reducing  the  value  of  a,  b,  or  c,  results  in  a broadening 
of  the  curves  and  a shift  of  the  maximum  tov;ard  higher 
reciprocal  susceptibility  and  higher  temperatures.  Also, 
as  would  be  expected,  the  lower  the  value  of  Sq»  "the  lower 
the  temperature  at  which  the  maximum  appears.  There  are 
innumerable  values,  and  combinations  of  values,  which  can 
be  used  for  Sq  and  the  coefficients.  The  curves  depicted 
in  Figure  9 are  intended  only  to  indicate  that  it  is 
possible  to  explain  the  general  structure  of  the  experi- 
mental X*”^(T)  curves  by  allowing  the  crystal-field  potential 
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VI 


0 100  200  300  i|-00  500 

T(®K) 

Fig.  9.“  7- ^ vs  T with.  S=  i(T).  Parameters  for  curves  given  in  Table  5, 


TABLE  5 

PARAMETERS  OP  EQUATION  USED  TO  CALCULATE  THE  CURVES  OF  FIGURE  9 
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to  be  a function  of  temperature.  A reasonable  fit  for  all 
experimental  curves  can  be  obtained  by  varying  tbe  four 
peLrameters. 

Ewald,  Martin,  Boss,  and  V/bite  C50]  bave  attempted 
to  explain  anomalous  behavior  in  iron(III)  complexes 

using  arguments  not  too  different  from  those  used  herein 
for  cobalt(II)  complexes,  Iron(III)  is  a d^  ion,  and  the 
Tanabe  and  Sugano  diagram  [58]  for  a d^  system  is  shown 
in  Figure  10.  Swald  et  al.  restrict  themselves  to  a dis- 

p C. 

cussion  of  only  the  ^2  vicinity  of 

the  cross-over  point,  although  it  may  be  argued  that  the 

4 . -1 

being  only  about  7000cm  higher  in  energy  at  the  cross- 
over point,  will  have  a significant  effect  on  the  form  of 
2 6 

the  ^2  and  A-j_  terms. 

These  authors  include  spin-orbit  coupling  within 

2 

but  do  not  take  into  accoxmt  possible  mixing  of  levels 

2 

between  terms.  The  T2  term  splits  into  two  levels,  an  B” 
and  a U' , The  ^A^  does  not  split,  but  does  transform  under 

I 

octahedral  symmetry  as  degenerate  E"  and  U'  levels.  Thus, 
there  should  be  considerable  mixing  of  levels  which  Ewald 
et  al.  failed  to  take  into  consideration.  It  should  also 

l±  Ll 

be  remarked  that  both  the  higher-energy  T^  and  T2  terms 
contain  an  E"  and  a U'  capable  of  interaction  with  both  the 
^T2  and  ^A^. 

Because  of  the  above  assumptions,  Ewald  et  al.  were 
able  to  use  the  equations  of  Kotani  [66] , wherein  J remains 
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Fig. 


10,  Energy  level  diagram  for  a 
octahedral  field. 


xon  in  an 
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a good  quantum  number  and  second-order  Zeeman  interactions 
are  confined  to  magnetic  states  arising  from  different 
levels  within  a single  term.  Tiieir  equation  is 


2 -(1+E/j  )x  , -3x/2 

u^  = + 103e  + 8x'~-‘-[l-e  ] 

^ -(T+E/^  )x 

1 + 2e  + 3e 


where  x = jS/kT,  and  3 is  the  difference  in  energy  between 

6 2 

the  and  terms,  being  completely  equivalent  to  S 
of  this  dissertation.  This  equation  encompasses  the 

p 

contributions  from  the  two  levels  of  ^2  arising  from  spin- 
orbit  coupling,  and  the  single  level  of  A^,  These  are  in 
the  ratio 

-3x/2  -d+E/;  )x 

2 : 4e  : 6e  ('^6) 


The  calculations  yielded  a series  of  curves  for 

2 6 

various  values  of  the  T2—  A^  energy  separation,  somewhat 

analogous  to  the  curves  for  the  d*^  system  presented  in 

Figure  7«  Due  to  the  nature  of  the  approximations  used, 

the  Lande  splitting  factor  g was  an  independent  parameter. 

7 

The  calculations  for  the  d system  inherently  included  the 
splittings  of  the  magnetic  states  as  a function  of  S,  and 
no  further  adjustment  of  g was  necessary. 

The  curves  of  Ewald  et  al . do  show  considerable 
curvature  and,  somewhat  surprisingly,  do  contain  maxima  and 
minima,  but,  as  in  the  cobalt (II)  case,  do  not  resemble  the 
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experimental  curves,  the  maxima  and  minima  appearing  at 

too  low  values  of  the  temperature.  They  propose  that  the 

main  reason  for  the  failure  of  their  simplified  model  to 

quantitatively  yield  results  consistent  with  experimental 

data  is  an  expected  difference  between  the  metal-ligand 

vibration  frequencies  of  the  T2  and  terms.  It  is 

asserted  that  the  metal-ligand  stretching  and  bending 

frequencies  should  be  considerably  lov/er  in  the  term 
2 

than  in  T^.  As  a result,  the  vibrational  partition 
fiinctions  will  be  different  for  the  two  terms,  and  Ewald 
e/fe  al,  take  this  into  account  by  multiplying  the  contribu- 
tion of  the  ^A^  term  to  the  magnetic  moment  by  the  ratio 
of  the  partition  functions,  altering  the  ratios  of 

(46)  to 


-3x/2  -d+E/^  )x 

2 : 4e  : 6(Q^/q>^)e 

where  the  subscripts  a and  t refer  to  the  ^A^  and  ^T2  terms. 
Then,  for  further  simplification,  this  ratio  is  set  equal  to 
a constant,  c.  By  using  various  values  for  this  constant, 
the  maxima  and  minima  of  their  basic  curves  are  shifted 
toward  higher  temperatures,  and  they  find  it  possible  to 
approximate  their  experimental  curves.  Unfortunately,  they 
do  not  give  values  for  this  constant  which  must  be  used  to 
obtain  a fit,  or  justify  the  magnitude  required. 

If  one  examines  the  curves  of  Figure  7,  it  is  evi- 
dent that  from  a mathematical  point  of  view,  any  factor 
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whicii  increases  tlie  proportion  or  importance  of  liigh-spin 
levels  mixed  into  th.e  ground  level  as  the  temperature 
increases,  will  accentuate  the  curvature  already  present 
even  to  the  point  of  developing  maxima  and  minima.  This 
is  essentially  what  reducing  S with  increasing  temperature 

n 

accomplished  for  the  d'  model  presented  in  this  dissertation. 
It  is  also  the  reason  that  the  original  simplified  curves 
of  Ewald  et  al.  contain  maxima  and  minima.  As  was  previ- 
ously mentioned,  part  of  the  curvature  of  the  plots  of 
Figure  7 is  due  to  the  Boltzmann  factor  whereby  higher 
levels  become  more  populated  with  increasing  temperature. 

For  the  d^  system,  this  means  that  a sextet  level  is  be- 
coming increasingly  more  important  with  respect  to  a doublet, 
n 

whereas  in  d'^  it  is  a quartet  level  over  a doublet.  It  is 

because  the  sextet  level  of  d^  is  able  to  exert  a greater 

influence  on  the  magnetic  moment  than  can  the  comparable 

n 

quartet  level  of  d , that  maxima  and  minima  appear  for  the 
5 7 

d case  and  not  for  the  d*^  case.  The  possibility  of 
maxima  and  minima  being  produced  this  way  was  first  ex- 
pressed by  G-uha  in  1963  [6?]. 

The  basis  for  the  direction  in  which  Ewald  et  al. 
proceeded  is  the  very  pertinent  observation  that  the  Tanabe 
and  Sugano  diagrams  represent  electronic  energy  differences, 
and  calculations  should  be  based  on  total  molecular  energies, 
including  vibrational  contributions.  However,  as  noted. 
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only  differences  in  vibrational  frequencies  between  the 
various  terms  will  have  any  effect  on  the  relative  energies. 
Differences  arise  from  changes  in  force  constants,  both 
stretching  and  bending,  from  one  term  to  another,  and  force 
constants  are  functions  of  the  shape  of  the  potential 
energy  curves.  Ewald  et  al.  present  some  highly  qualitative 
potential  energy  curves  "...calculated  on  the  basis  of  a 
trivial  generalization  of  a treatment  given  by  Jorgensen 
(1957)  of  the  rin(H20)g^’^  ion.  And,  although  these  curves 
do  have  different  shapes  for  the  ^T2  and  terms,  Ewald 
et  al . inexplicably  stress  the  differences  in  the  equili- 
brium metal -ligand  distance  for  the  two  term  states  for  the 
ion  which,  to  a first  approximation,  will  have  no  effect  on 

the  vibrational  partition  functions.  Nevertheless,  their 

. 7 

main  point  is  valid,  and  for  completeness  the  d system 

should  be  examined  using  their  model. 

To  apply  the  Ewald  model  to  the  d"^  system,  it  is 
necessary  to  simplify  the  original  calculations  so  as  not 
to  include  mixing  of  levels  under  spin-orbit  coupling.  If 
the  high-spin  contribution  is  to  be  weighted  because  of 
differences  in  vibrational  partition  functions,  this 
simplification  will  allow  such  a modification  to  be  applied 
easily,  whereas  if  mixing  is  included,  the  determination  of 
the  amount  each  level  is  to  be  weighted  becomes  unduly 
complicated. 

'^’From  p.  557  of  [50].  The  Jorgensen  reference  is 
Acta.  Chem.  Scand.,  ]J^,  55(1957). 
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Th.e  equation  used  to  calculate  for  the  system 
has  been  derived  hy  Griffith  [68]  and  is 

2 f -x/2  -dx/3 

n = [c[300(x+5)  + 6(A-5x-88)e  + 12(35x-81)e  ] 

-(S/^  -l/8)x_,  ^ -x/2  -/^-x/3 

+ 150xe  ]/ [ c[25x(l+2e  + 3e  )] 

-(S/^  -l/8)x-, 

50xe  i 

where  c is  the  weighting  factor  for  the  contribution. 
From  equation  (20) 


•X 


-1 


3kT 

? ’ 


(^8) 


and  setting  c equal  to  unity,  curves  at  various  values  of 
S/^  are  produced  as  shown  in  Figure  11, 

If  one  compares  the  curves  of  Figure  11  with  those 
of  Figure  7,  it  is  apparent  that  to  the  left  of  the  cross- 
over point  there  is  little  difference;  but,  to  the  right  of 
the  cross-over  point  ( S > 0),  the  range  of  S in  which  are 
produced  curves  intermediate  between  low-spin  and  high-spin 
behavior  is  considerably  smaller  for  the  Ewald  model.  This 
is  simply  a consequence  of  neglecting  mixing  under  spin- 
orbit  coupling. 

In  Figure  12  are  presented  some  representative  curves 
derived  from  the  curves  of  Figure  11  by  using  a weighting 
factor.  As  would  be  expected,  the  variation  in  shape  is 
not  as  diverse  as  for  the  curves  of  Figure  9,  Nevertheless, 
the  curves  presented  in  both  Figures  9 and  12  indicate  that 
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tliere  are  at  least  two  distinct  modifications  to  the  basic 
theoretical  model,  each  of  v/hich  will  allow  reasonable 
fitting  of  the  experimental  curves.  It  would  be  advantageous 
at  this  point  to  attempt  at  least  a qualitative  examination 
of  the  Ewald  model  and  examine  the  pertinent  factors  therein. 

The  major  criticism  which  can  be  leveled  at  the  Ewald 
model  is  its  inherent  necessity  for  simplifying  assumptions. 
The  inclusion  of  mixing  of  levels  under  spin-orbit  coupling 
would,  admittedly,  severely  complicate  the  computations,  but 
its  neglect  serves  to  limit  their  usefulness.  Exactly  of 
what  magnitude  are  these  differences  cannot  be  determined 
from  knowledge  presently  at  hand;  this  is  also  the  stumbling 
block  to  determining  exactly  how  S is  a function  of 
temperature.  Ewald  et  al.  do  make  an  attempt  to  derive 
values  for  their  constant  c in  a semiquantitative  fashion, 
although  again,  the  necessity  for  simplifying  assumptions 
puts  the  results  in  serious  doubt.  Briefly,  their  arguments 
are  as  follows. 

An  equilibrium  constant,  K^,  is  defined  as  the  ratio 

of  the  populations  in  the  level  and  the  lower,  doubly 

2 

degenerate  component  of  T2»  that  is. 


2 

-(E+  $ )/kT  » 

6(Q/^)e 


and  thus 
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in  I = ln(Qg^/Q^)  - (E+  5)/kT  (50) 

If  is  constant,  then  a plot  of  log  versus  T~^  will 

be  a straight  line.  They  state  that  by  assuming  values  for 

jp  2 

g and  > , the  relative  populations  of  the  two  levels  of  T2 

2 

are  established,  and  then  experimental  values  of  u are 
used  to  calculate  apparent  values  of  K^.  By  varying  g and 
, it  is  possible  to  get  straight  line  relationships  be- 
tween log  and  T~^,  and  from  these,  c and  E can  be  found 
within  a certain  range. 

The  weakest  part  of  the  entire  argument  is  the 
assumption  that  the  ratio  Qg^/Q^  is  constant,  although  these 
authors  do  acknowledge  that  this  is  an  over  simplification 
and  attempt  to  show  how  the  theory  could  be  refined  if  the 
ratio  were  made  a function  of  temperature.  This  will  be 
examined  shortly.  By  defining  as  an  equilibrium  constant 
for  tv;o  levels  only,  they  have  essentially  reasserted  the 
idea  of  a two-state  equilibrium.  At  least  for  the  cobalt(II) 
systems,  it  has  previously  been  shown  that  such  a simple 
equilibrium  is  an  inadequate  model  [^7,69],  and  the  multi- 
level contributions  to  the  susceptibility  as  reported 
herein  in  Table  4-  further  confirm  this. 

Ewald  et  al.  examine  the  Qg/Q^  ratio  as  a function 
of  temperature  although  they  do  not  incorporate  their 
findings  into  their  model.  They  first  limit  the  contribu- 
tions to  and  to  the  six  Fe-S  stretching  and  nine 
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S-Fe-S  bending  modes,  and  then  assume  that  for  each  term, 
all  six  stretching  modes  have  the  same  frequency  and  all 
nine  bending  modes  have  the  same  frequency.  This 
assumption  of  course  has  no  basis  in  fact,  and  it  is 
difficult  to  perceive  how  their  subsequent  results  can  have 
any  meaning.  For  example,  the  stretching  modes  of  an  XY^ 
octahedral  molecule  will  exhibit  three  independent 
frequencies  Sg>  and  T^^)  as  will  the  bending  modes 

(Tiu»  '^2g’  ^2u^*  ^ illustration  the  three 

stretching  frequencies  of  SeF^  as  given  by  Fakamoto  [?0], 
are  708,  662,  and  4-37cm~^  while  the  bending  frequencies  are 
780,  405,  and  260cm  Most  of  the  other  examples  of  XY^ 
octahedral  molecules  given  by  Fakamoto  have  even  more 
disparate  frequencies. 

Ewald  et  al . further  choose  to  interpret  the  Tanabe 
and  Sugano  diagrams  as  including  zero-point  vibrational 
energy,  and  thus  any  differences  in  the  zero-point  vibra- 
tional frequencies  betv/een  the  two  terms  is  not  included. 

It  must  be  concluded  that,  although  the  original 
idea  of  Ewald  et  al.  certainly  merits  consideration,  that 
is,  that  there  may  be  significant  differences  in  the  total 
molecular  energies  of  the  high-spin  and  low-spin  terms, 
their  subsequent  attempt  at  a semi-theoretical  justification 
involves  far  too  many  simplifications  to  be  of  use.  It  is 
for  just  this  reason  that  an  attempt  to  determine  a priori 
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h.ow  S may  be  a function  of  temperature  has  been  avoided  in 
this  dissertation. 

It  is  evident  from  the  discussion  thus  far  that  at 
tbe  present  level  of  knowledge,  tbe  criterion  that  tbe 
crystal-field  potential  is  a fimction  of  temperature  stands 
out  as  an  important  factor  causing  tbe  specific  anomalous 
behavior  of  the  cobalt(II)  complexes.  It  is  not  \inreasonable 
to  suspect  that  this  also  applies  to  the  anomalous  iron(III) 
complexes  and  possibly  other  anomalous  transition  metal 
compounds.  However,  it  is  undoubtedly  true  that  there  are 
many  contributing  factors,  some  major  and  some  minor,  which 
could  play  a role  in  determining  magnetic  behavior,  Ewald 
et  al . investigated  one  of  these;  other  possibilities 
include  the  effect  of  the  electronic  state  on  the  metal- 
ligand  distance,  the  effect  of  covalency,  and  the  effect 
of  distortions  from  octahedral  symmetry. 

In  a transition  from  a low-spin  to  a high-spin  term, 
it  has  been  postulated  that  there  will  be  an  increase  in 
the  metal-ligand  internuclear  distance  caused  by  an  electron 
jumping  from  a t2  orbital  to  an  e orbital  [71].  As  a 
result,  A will  be  different  for  different  levels.  However, 
a recent  paper  [72]  investigating  cobalt  bond  lengths  has 
concluded  that  the  spin  state  probably  has  only  a very  small 
effect  on  the  metal-ion  radius.  It  is  therefore  concluded 
that  if  differences  in  radii  between  the  various  levels  is 
a factor  at  all,  it  is  probably  a minor  one. 
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All  the  calculations  presented  in  this  work  have 
been  based  on  a simple  crystal-field  model  which  does  not 
take  into  account  any  covalency  which  may  be  present. 
Evidence  has  been  presented  by  Fisher  and  Stoufer  [731 
which  indicates  that  the  strong  crystalline  field  present 
in  these  anomalous  cobalt (II)  compounds  is  the  result  of 
extensive  it  interaction.  This  implies  a significant  amount 
of  covalent  bonding.  Since  magnetic  moments  arise  from 
orbital  and  spin  angular  momenta,  it  is  the  effect  of  co- 
valency on  these  properties  which  could  limit  the  usefulness 
of  the  calculations.  However,  a partial  covalency  due  to 
an  admixture  of  ligand  orbitals  into  the  metal-ion  wave 
functions  will  not  change  the  number  of  \inpaired  electrons 
of  a particular  level,  and  hence  will  not  alter  the  spin 
angular  momentum.  Additional  orbital  angular  momentum  will 
not  be  added,  and  so  the  total  effect  can  only  be  further 
quenching  of  the  orbital  angular  momentum  associated  with 
the  metal  ion.  This  has  been  partially  taken  into  account 
by  using  a value  for  the  spin-orbit  coupling  constant  lower 
than  its  free-ion  value.  Furthermore,  the  actual  magnitude 
of  the  crystal -field  splitting,  which  is  seriously  affected 
by  covalency,  does  not  directly  enter  the  calculations. 
Hence,  although  covalency  is  certainly  present  in  these 
compounds,  it  is  unlikely  that  it  plays  a significant  role 
in  determining  their  specific  magnetic  behavior. 
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Another  very  possible  factor  which  must  be  con- 
sidered is  distortions  from  cubic  symmetry.  For  the  model 
presented  herein,  pure  octahedral  symmetry  has  been  assumed, 
although  some  Jahn-Teller  distortion  might  be  expected. 
Hov;ever,  a study  of  the  structure  of  the  low-spin  cobalt(II) 
compound  K2Ba[Co(lTO2)0]  by  Bertrand  and  Carpenter 
reveals  that  the  cobalt  ion  is  surrounded  by  six  nitrogens 
undistorted  from  octahedral  geometry.  An  EPR  study  [5^1 
revealed  an  experimental  g value  around  2.1  for  this  com- 
pound and  also  for  several  of  the  anomalous  compounds 
listed  in  Table  1.  Also,  Van  Vleck  [753  B.as  shovra,  that  if 
the  low  symmetry  matrix  elements  are  small  compared  v;ith 
hT,  the  average  calculated  susceptibility  will  not  be  very 
different  if  such  low-symmetry  elements  are  neglected 
entirely.  The  experimental  values  of  the  susceptibilities 
of  the  compounds  listed  in  Table  1 were  all  taken  from 
solid,  microcrystalline  materials;  no  single-crystal 
measurements  have  yet  been  made.  Therefore,  from  an 
experimental  point  of  view,  any  anisotropy  present  has  been 
averaged.  Thus,  until  single-crystal  studies  are  made,  the 
degree  to  vrhich  distortion  from  octahedral  symmetry  in- 
fluences the  magnetic  behavior  remains  indeterminate.  There 
is  the  possibility  that  such  distortions  are  temperature 
dependent  and  this  factor  has  been  implicitly  allowed  for 
by  assuming  S to  be  a function  of  temperature. 
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In  a concurrent  study  of  these  cobalt(II)  systems, 
Fisher  [5]  discussed  the  role  played  by  the  non-coordinated 
anion  in  influencing  magnetic  behavior.  He  found  some 
correlation  between  anion  size  and  the  amount  of  low-spin 
character  present  in  the  complex.  His  general  conclusion 
was  that  different  types  of  crystal  packing  will  have 
varying  effects  on  the  amount  of  distortion  from  octahedral 
symmetry  experienced  by  the  complex  cation.  The  important 
point  to  be  drawn  from  Fisher's  work  is  that  solid  state 
effects  are  of  major  importance  in  determining  the  magnetic 
properties  of  these  systems. 

The  only  manner  by  which  more  light  may  be  shed  on 
this  problem  is  by  further  experimental  investigation, 
both  in  the  solid  state  and  solution.  One  very  powerful 
tool  is  electron  paramagnetic  resonance  whereby  it  is 
possible  to  investigate  individual  electronic  energy  levels. 
Part  II  of  this  dissertation  reports  just  such  a study. 


PART  II 


ELECTRON  PARAMAGNETIC  RESONANCE  STUDIES 

Introduction 

In  Part  I,  theoretical  calculations  of  magnetic 

ausceptihility  as  a function  of  temperature  were  carried  out 
7 

for  a d'  ion  in  an  octahedral  field.  Using  a model  involv- 
ing an  equilibri\xm  distribution  of  magnetic  ions  over 
several  low-lying  electronic  levels,  and  incorporating  the 
hypothesis  that  the  crystal -field  potential  be  a fmction 
of  temperature,  reasonable  agreement  was  achieved  between 
the  theoretical  calculation  and  the  experimental  results  of 
magnetic  susceptibility  for  a group  of  anomalous  cobalt(II) 
complexes.  However,  it  was  concluded  that  there  are  un- 
doubtedly several  interacting  effects  influencing  the 
magnetic  behavior  of  these  complexes  in  addition  to  the 
temperature  dependence  of  the  crystal  field,  and  that 
further  experimental  work  is  necessary  to  give  more  explicit 
direction  to  the  theoretical  analysis.  One  promising  experi 
mental  technique  is  electron  paramagnetic  resonance. 

Electron  paramagnetic  resonance  involves  transitions 
between  individual  magnetic  states  that  are  associated  with 
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one  electronic  level,  whereas  magnetic  susceptibility  is  a 
weighted  average  of  contributions  from  all  populated  levels. 
Thus,  while  susceptibility  measurements  can  provide  a con- 
siderable amount  of  information  concerning  the  gross  molecu- 
lar structure  of  a complex,  EPR  provides  a means  of 
studying  the  characteristics  of  individual  electronic  levels. 
For  the  particular  anomalous  cobalt(II)  complexes 
discussed  in  Part  I,  several  effects  should  be  observable 
by  EPR  if  the  theoretical  model  presented  is  a reasonable 
description  of  the  molecular  structure.  First,  examination 
of  Table  ^ indicates  that  at  certain  values  of  S , at  least 
the  first  excited  electronic  level  should  be  sufficiently 
populated  that  distinct  transitions  involving  the  magnetic 
states  of  both  the  ground  level  and  first  excited  level 
should  be  observable.  Second,  if  S is  a function  of 
temperature,  then  the  changes  in  the  relative  populations 
of  the  various  levels  with  temperature  would  not  be  fully 
accountable  by  the  Boltzmann  factor.  The  population  of  a 
level  is  related  to  the  intensity  of  the  EPR  signal  (vide 
infra) , Third,  the  energy  separations  between  the  magnetic 
states  (g  values)  are  functions  of  S because  of  the  mixing 
of  levels  under  spin-orbit  coupling  and  the  mixing  of  states 
through  the  second-order  Zeeman  effect.  Thus,  the  energy  of 
the  EPR  transitions  should  be  a function  of  temperature.  It 
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is  therefore  the  object  of  Part  II  to  attempt  to  observe 
these  three  effects  for  the  anomalous  cobalt (II)  systems. 

A previous  EPR  study  of  some  of  these  anomalous 

cobalt(II)  complexes  by  Schmidt,  Brey,  and  Stoufer  C5^j77] 

was  plagued  with  considerable  instrumental  difficulties  and 

arrived  at  inconclusive  results.  Only  transitions  within 

the  ground  level  were  observed;  no  transitions  attributable 

to  an  excited  level  were  found.  The  g values  found  for  the 

compounds  studied  were  all  approximately  2.1,  and  on  this 

2 

basis  the  ground  level  was  assigned  as  the  low-spin  E. 
Although  the  g values  were  not  found  to  be  constant  over  a 
wide  temperature  range,  the  uncertainty  in  their  value  was 
too  large  to  determine  any  systematic  trend.  The  approxi- 
mate population  of  the  ground  level  was  calculated  from  the 
average  normalized  signal  intensity  of  a standard  compound, 
K2Ba[Co(NO2)0] • H2O,  which  is  believed  to  be  sufficiently 
far  to  the  right  of  the  cross-over  point  to  be  considered 
100  per  cent  low-spin.  The  signal  intensities  of  the 
anomalous  compounds  were  found  to  decrease  markedly  with 
increasing  temperature,  indicating  a significant  decrease 
in  the  population  of  the  ground  level.  By  asstuning  a simple 
two  term,  high-spin ^ low-spin  equilibrium,  and  comparing  the 
calculated  population  decrease  with  the  measured  effective 
magnetic-moment  increase  over  the  same  temperature  range,  the 
researchers  were  led  to  conclude  that  the  energy  separation 
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betrween  tlie  iLigh— spin  and  low— spin  terms  ( 8 ) was  decreasing 
with  increasing  temperature.  However,  they  qualified  their 
conclusions  by  stating  the  belief  that  there  was  a large 
systematic  error  in  the  population  values  which  increased 
with  increasing  temperature  because  of  broadening  of  the 
absorption  curve. 

In  order  to  quantitatively  test  the  mathematical 
model  established  in  Part  I,  it  is  necessary  to  calculate 
the  actual  energy  splittings  (g  values)  of  the  magnetic 
states  of  each  of  the  pertinent  levels  (see  Figure  6)  as 
a function  of  S.  The  usual  selection  rule  for  magnetic 
dipole  (EPR)  transitions  is  AMj  = + 1,  but  because  of  mix- 
ing of  states  through  the  second-order  Zeeman  effect,  it 
is  possible  that  other  transitions  will  be  allowed,  and 
thus  it  is  necessary  to  calculate  transition  probabilities 
for  the  various  states  involved.  The  method  and  results  of 
these  computations  are  given  in  the  Calculations  section. 

It  is  not  the  purpose  of  this  dissertation  to 
investigate  or  expoimd  upon  the  theoretical  aspects  of 
electron  paramagnetic  resonance.  Only  a brief  description 
of  the  pertinent  concepts  will  be  presented  here.  For  a 
more  complete  discourse  of  EPR  theory,  the  reader  is  referred 
to  Bersohn  and  Baird  [78]  and  Pake  [79], 

The  total  angular  momentum  J of  a free  ion  can  exist 
in  all  possible  orientations  in  the  absence  of  an  external 
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field,  and  there  will  he  no  resultant  magnetization  of  a 
sample.  When  this  ion  is  placed  in  a magnetic  field,  the 
level  will  split  into  2J+1  magnetic  states  with  energies 
equal  to  Mg3H,  where  M is  the  quantum  number  designating 
the  various  spatial  orientations  of  J,  g is  the  experi- 
mental splitting  factor  or  the  Lande  factor,  3 is  the  Bohr 
magneton,  and  H is  the  external  magnetic  field,  Mg3  is 
the  first-order  energy  coefficient  discussed  in  Part  I. 

An  alternating  radiofrequency  magnetic  field  applied  at 
right  angles  to  H will  induce  magnetic  dipole  transitions 
according  to  the  selection  rule  AM  = ^ 1,  Thus,  the  energy 
of  the  transition  will  be 

hv  = g3H  (51) 

where  v is  the  frequency  of  absorbed  energy  and  h is 
Planck's  constant.  The  a priori  transition  probabilities 
are  equal  for  absorption  and  emission,  but  because  of  a 
thermal  distribution,  the  state  of  lower  energy  has  the 
larger  population,  and  absorption  should  occur  more  often 
than  emission.  The  upper  state  would  soon  become  saturated, 
however,  and  the  net  absorption  would  diminish  to  zero  if 
it  were  not  for  radiationless  decay  whereby  the  energy  is 
released  through  vibrational,  rotational,  or  translational 
motion.  This  is  known  as  spin-lattice  relaxation. 

Resonance  will  occur  when  the  radiofrequency  waves 
have  exactly  the  right  amount  of  energy  to  excite  an  electron 
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from  one  state  to  another.  The  instrumental  procedure 
normally  followed  is  to  hold  the  r.f,  field  constant  and 
sweep  the  applied  magnetic  field. 

The  quantity  g is  defined  hy  equation  (51)  and  is 
simply  a proportionality  constant  between  the  frequency  and 
the  field  at  which  resonance  occurs.  Thus,  the  location 
of  the  maximum  in  the  EPR  absorption  spectrum  yields  the  g 
value , 

The  intensity  of  an  SPR  signal  is  the  total  energy 
absorbed  by  the  sample  at  resonance  and  is  proportional  to 
the  area  under  the  absorption  curve.  It  is  determined  by 
the  frequency  used,  the  concentration  of  the  paramagnetic 
sample,  the  power  of  the  applied  resonance  radiation,  the 
transition  probability,  and  the  temperature.  For  a given 
sample,  the  first  three  factors  mentioned  will  usually  re- 
main constant  over  a wide  temperature  range,  and  it  is  the 
transition  probability  and  temperature  which  are  important 
in  determining  relative  areas  of  any  one  sample  as  a function 
of  temperature.  The  signal  intensity  is  inversely  propor- 
tional to  the  absolute  temperature.  This  is  proved  in 
Appendix  G, 

The  nucleus  of  an  atom  may  have  a magnetic  moment 
which  can  influence  the  magnetic  energy  of  the  electron  and 
split  each  EPR  signal  into  21+1  lines  where  I represents 
the  angular  momentum  of  the  nucleus.  Usually  this  "hyper- 


fine"  splitting  is  observed  only  at  low  temperatures  where 
the  overall  spectral  envelope  is  narrow  and  resolution  is 
possible. 
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Experimental 

All  electron  pea?amagnetic  resonance  spectra  were  ob- 
tained by  using  a Varian  Associates  EPR  spectrometer  system, 
V-4502-1^.  This  system  consists  of  a V-4501  console,  a 
V-4-500-41A  microwave  bridge,  a V-4-560  lOOKc  field  modulation 
and  control  unit,  a V-5601  twelve-inch  magnet,  and  a 
V-FR2505  magnet  power  supply.  A V-^531  Multi-purpose  cavity 
was  used  in  conjunction  with  a variable  temperature  acces- 
sory, V-4-557 » which  includes  a V-^5^0  variable  temperature 
controller.  The  temperature  dial  calibration  accuracy  as 
specified  by  Varian  Associates  is  +3°C,  The  nominal  klystron 
operating  frequency  is  9.5  gigacycles  with  a maximum  power 
output  of  no  less  than  500  milliwatts. 

The  instrument  system  was  standardized  with  a benzene 
solution  of  diphenyl  picryl  hydrazyl  (DPPH),  a stable  free 
radical  with  a known  g value  of  2.0035^  + 0.00003.  With 
the  frequency  constant,  hv  is  constant,  having  the  same 
value  for  both  sample  and  standard.  The  g value  of  the 
sample  is  then  obtained  from 

^sample  “ ^std^std'^^sample 


(52) 
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where  H is  the  field  strength  at  which  resonance  occurs. 

In  order  to  minimize  instrumental  effects,  all  spectra  were 
recorded  over  five-minute  sweep  times,  leakage  current  was 
set  at  500  milliamps,  attenuation  at  6 decibels,  and  field 
strength  at  3100  gauss.  Sweep  rates  were  10,000,  5000, 

2500,  or  1000  gauss  per  five  minutes.  A was  established 

for  each  sweep  rate. 

Whenever  a spectrum  was  so  broad  that  a reasonable 
base  line  could  not  be  established,  it  was  often  possible 
to  approximate  H as  being  located  one  half  the  distance  be- 
tween the  field-strength  values  at  the  maximum  and  minimum 
of  the  first  derivative  curve.  Because  these  peaks  are  not 
sharp  in  a broad  spectrum,  and  because  the  spectrum  need 
not  necessarily  be  symmetrical,  this  method  is  not  as 
accurate  as  is  that  which  utilizes  a true  base  line. 

To  obtain  an  EPR  spectrum  as  a function  of  tempera- 
ture, the  sample  tube  is  inserted  into  a quartz  dewar  which 
has  been  previously  inserted  into  the  resonance  cavity.  The 
temperature  is  controlled  by  electrical  heaters  counteracting 
a streaan  of  nitrogen  gas  flowing  through  the  dewar  and  cooled 
by  having  passed  through  a coil  immersed  in  liquid  nitrogen. 
In  addition,  room-temperature  dry  nitrogen  gas  is  allowed  to 
flow  through  the  cavity  to  prevent  condensation. 

All  samples  used,  with  the  exception  of  the  tris(o- 
phenanthroline)cobalt(II)  perchlorate,  were  supplied  by 
Harold  M.  Fisher,  The  o-phenanthroline  salt  was  supplied  by 
Dr.  R,  C,  Stoufer, 
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Calculations 

The  method  of  calculating  the  and  V2  coefficients 
of  the  energy  expansion  of  equation  (7)  has  been  presented 
in  Part  I,  The  term  represents  the  diagonal  elements  of 
the  z component  of  the  magnetic  Hamiltonian  matrix,  and  V2 
is  a function  of  the  off~diagonal  elements.  To  calculate 
the  energies  of  the  magnetic  states,  it  is  necessary  to 
diagonalize  this  matrix.  The  resultant  eigenvalues  will  be 
designated  by  V,  and  the  energies  will  be  W*H.  The 
functions  oelonging  to  these  eigenvalues  will  be  designated 
, The  energies  will  also  be  expressible  as  M"g3H, 
and  the  energy  splittings  given  by 

AM"g  = AW  (53) 

if  W is  e^jpiressed  in  units  of  3.  Since  there  is  extensive 
mixing  of  states  through  the  second— order  Zeeman  mechanism, 
AM"  is  not  necessarily  restricted  to  +1,  However,  if  g is 
taken  to  be  an  experimental  quantity,  AM"  may  be  assumed 
to  be  included  in  it,  and  therefore 

g = AW  . (5i|.) 

The  computer  program  developed  for  the  computations 
of  Part  I calculates  the  elements  of  the  z component  of  the 
magnetic  Hamiltonian  matrix  as  a f\mction  of  S.  By 
diagonalizing  the  matrix,  the  W values  are  obtained  as  a 
function  of,  S, 

The  allowed  EPR  transitions  are  proportional  to 


8^ 


^ 2S, 


2 


(55) 


for  "bransitiioiis  between  states  i and  j where  £ represents 
the  component  along  the  direction  of  the  magnetic  vector  of 
the  incident  radiation  C59J.  The  | r”M")  functions  are 
diagonal  for  e = z,  and  since  x and  y are  equivalent  in  an 
octahedral  field,  it  is  only  necessary  to  calculate  P . 

To  find  the  eigenvalues  of  L and  S , use  is  made 
of  the  raising  and  lowering  operators, 


where 


L" 


- iL„ 


(56) 


L-^ILM)  = [L(L  + 1)  - M(M  + 

L’|Lm)  = [L(L  +1)  - M(M  - l)]^/^|LM-l) 

(57) 

The  equations  for  and  S~  are  analogous.  Adding  the  two 
equations  of  (56),  and  rearranging. 


= l/aCL"-  + L“)  , (58) 

and  similarly 

2S^  = S-^  + S”  , (59) 


Calling  the  |r"M")  fimctions  /I,  each  is  a linear 
combination  of  four  'Y  functions  where  5^  represents  the 
T'M')  functions  determined  in  Part  I.  More  specifically. 
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+ '^2  * '’S 

+ o'>2  y\  + 

. d^2  K * 
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y'  . ^,0  y'’’ 

3 '4-  5 

y' 
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+ e^‘  y 
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The  'T^'s  are  linear  combinations  of  the  <p  functions  as 

described  in  Part  I,  and  the  0's  are  given  in  terms  of  the 

single-electron  functions  in  Appendix  E.  The  coefficients 

for  the  various  linear  combinations  are  available  from  the 

diagonalization  process,  and  so  it  is  only  necessary  to 

obtain  the  eigenvalues  belonging  to  L + 2S  for  the  ten 

■^x  ^x 

single-electron  functions  of  the  d subshell.  The  eigen- 
values are  given  in  Table  F3  of  Appendix  P. 

In  general, 


2 

i=d 


a. a . 

1 a 


+ 2S, 


X 


2 


(60) 


where  a encompasses  all  coefficients.  The  values  for  the 
integrals  are  presented  in  Table  6. 


The  g values  and  transition  probability  numbers 
(equation  (55)  yields  only  values  proportional  to  transition 
probabilities)  have  been  calculated  for  the  E'  and  lowest  U* 
levels  as  a function  of  S by  means  of  the  computer  program 
listed  in  Appendix  12.  The  other  levels  would  not  be 
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TABLE  6 

EIGENVALUES  FOR  ^§x  I 


0 0 


0 


0 -1 


0 


0 


-1 


0 0 


-1 


0 0 0 


<{*ilix  ^ 2S^I«^2>  '0 
<«‘ll5x^  2§x1^*3>  =° 
<<^l|lx  * 2§xI«*4>  =0 

<<*llix-^  2S^I‘^5>  =° 


87 


Table  6 (cont'd) 


i^2« 

4>2 

0 

If3 

0 

4>2 

|r? 

0 

6 

5 

(J/ 

0 

6 

5 

0 

^2 

0 

0 

ir? 

<p2 

0; 

0 

hf^ 

0 

0 

3 

h ^ 

0 

9 

" ro 

0 

9 

" lU 

0 

^3" 

5 

- ? 

0 

y 

2 


0 


0 


I r? 


0 

h ^ 
0 
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Table  6 (cont'd) 


02 

02^ 

0/ 

(j)  ^ 
^2 

6 a' 

- 1 

0 

1^5 

0 

0 3' 

0 

-ir? 

0 

d)  a" 

-fs/5 

0 

0 

0 3" 
5 

° 

ro/15 

0 

0; 

0j^ 

0j“ 

0 

-fe/5 

0 

2 

“ 3 

-fe/3 

0 

6 

~ 5 

0 

0j“ 

0 

6 

“ 5 

0 

-^5/5 

0/ 

2 

■*  3 

0 

- 

0 
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Table 


(cont ’d) 


0 P' 

4 


0 P" 
5 


0 

0 


^3^  ^5^  (p; 

0 0 0 

0 0 0 

0 15  A5  0 

-^/T5  0 -Jj/5 


rt>  p' 


0 a' 


(7^  3' 
^5 


0 a' 

4 

0 3' 

4 

(7^  a" 


0 

2 

0 

0 


2 

0 

0 

0 


0 

0 

0 

2 

5 


0 

0 

2 

’5 

0 
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sufficiently  populated  at  reasonable  temperatures  to  give 
an  observable  EPR  signal. 

For  tbe  E'  level,  tbe  calculations  yield  an 

essentially  constant  g value  of  -4-. 000  and  a transition 

probability  number  of  324-,  Tbe  transition  is  between  tbe 

states  yl  and  A . , 
c d 

There  are  four  transitions  witb  a finite  probability 
witbin  tbe  U«  levels,  ^ /(^  ^ y^,  and 

/I  (3^  ^ Aq»  S values  and  transition  probability  numbers 

for  these  transitions  within  tbe  U'  ground  level  are  pre- 
sented in  Table  7 for  S values  from  3000cm“^  to  -2000cm"^, 
For  S values  larger  than  bOOcm”^,  tbe  transition  probabili- 
ties for  tbe  ^ Aq  ^d  ^ ^e  "^^^sitions  become 
negligible  relative  to  tbe  /t-u,  ^ /t_  and  A ^ A a transi- 
tions.  Tbe  variations  in  tbe  g values  for  all  tbe  transi- 
tions as  a function  of  8 are  readily  understood  by  an 
examination  of  Figure  13  where  tbe  splittings  of  tbe  mag- 
netic states  of  tbe  lowest  U*  level  have  been  plotted  as  a 
function  of  S . From  tbe  cross-over  point  to  large  values 
of  S,  the  four  magnetic  states  tend  to  merge  into  two 
doubly  degenerate  states  witb  a splitting  corresponding  to 
a g value  of  2.0  as  is  expected  for  an  essentially  pure 
U'(  S)  level  (see  Table  3a).  To  tbe  left  of  tbe  cross-over 
point,  however,  tbe  extensive  mixing  of  states  results  in 
considerable  variation  in  tbe  energies  of  tbe  states.  Even 


TABLE  7 

EPR  g VALUES  AND  TRANSITION  PROBABILITY  NUMBERS  FOR  TRANSITIONS  OP  THE  LOWEST  U' 
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6 in  cm 

J'iS*  13* “Splittings  of  magnetic  states  of  lov/est  U*  as  a function  of  S.  with  cross 
over  of  E'  states. 
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at  S = -5000cm"’^,  the  states  have  not  yet  achieved  the 
splittings  corresponding  to  the  g value  of  1.2  for  a pure 
3/2U'(^T^)  level. 

In  Figure  13,  the  region  in  the  vicinity  of  8 = 

-A-lOcm""^  has  been  enlarged  in  order  to  illustrate  the 

interaction  between  the  A and  A.  states  of  the  U'  with 

c d 

the  A and  A.  states  of  the  S’, 
c d 

Results 

The  electronic  paramagnetic  resonance  spectra  of 
five  microcrystalline  terpyridine  derivatives  of  cobalt (II) 
have  been  obtained  as  a function  of  temperature.  All  five 
show  strong  resonance  absorptions  corresponding  to  g values 
in  the  range  2.05  to  2.23.  In  addition,  at  low  temperatures 
these  compounds  also  give  a second  resonance  absorption 
with  g values  all  approximately  4.25.  This  secondary 
absorption  is  some  1800  times  weaker  than  the  primary  one. 
The  signal  intensities  for  the  primary  absorptions  were 
obtained  for  all  five  compounds,  but  only  for 
[Co(terpy)2]S0^  • 2H2O  could  the  signal  intensities  for  the 
secondary  absorption  be  obtained.  This  is  due  to  lack  of 
resolution  for  the  other  four  compounds.  The  g values  and 
intensities  are  tabulated  in  Tables  8-12.  Two  typical 
spectra  (sulfate  at  193°h)  are  shown  in  Figures  14  and  I5. 
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TABLE  9 

THE  TEITPERATUHE  DEPEHDEHCE  OF  THE  EPR  SPECTRUM 
OF  [Co(terp7)2]Cl2 '5H20 


Temperature 

95-2 

113-2 

133-2 

153-2 

173-2 

193-2 

213-2 

233-2 

2^3-2 

253-2 

263-2 

273-2 

283-2 


U'  g Value 
+0.005 

2-093 

2.090 

2.095 

2.090 

2.100 

2.099 

2.10^ 

2.112 

2.115 

2.129 

2.129 

2.129 

2.125 


E'  g Value 
+0.05 

4.229 


U ' Signal 
Intensity 

1200 

1220 

1260 

1170 

1010 

834 

550 

553 
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TABLE  10 

THE  TEI'IPEHATURE  LEPEITLEHCE  OE  THE  EPS  SPECTRUM 
OP  [Co(terp7)2] (010^)2 *H20 


Temperature 

U'  g Value 

E'  g Value 

U'  Signal 

°K 

+0.005 

+0.05 

Intensity 

103.2 

2 .-090 

^.257 

5850 

113.2 

2.086 

^.257 

5850 

135.2 

2.081 

5525 

175.2 

2.10^ 

1628 

195.2 

2.111 

800 

213.2 

2.135 

233.2 

2.21^ 

255.2 

2.253 

263.2 

2.231 
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TABLE  11 

THE  TEMPEHATUEE  DEPEKBEHCE  OF  THE  EPR  SPECTRUM 
OP  [Co(terpy)2]l2'K20 


Temperature 

°K 

83.2 

95-2 

153.2 

173.2 

213.2 

235.2 

253.2 

263.2 

273.2 

285.2 


U'  g Value 
+0.005 

2.086 

2.089 

2.096 

2.099 

2.114 

2.121 

2.124 

2.127 

2.126 

2.131 


E'  g Value 
+0.05 

^.257 

4.271 


U'  Signal 
Intensity 

5090 

2770 

2420 

1720 

7^2 
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TABLE  12 


THE  TEMPEHATimE  DEPEIHDEHCE  OF  THE  EPR  SPECTRUM 
OF  [Co(terpy)2](N0^)2 


Temperature 

U'  g Value 

°K 

+0.005 

93.2 

2.105 

103.2 

2.101 

113.2 

2.102 

133.2 

2.100 

153.2 

2.10A 

173.2 

2.10^ 

193.2 

2.10^ 

215.2 

2.115 

233.2 

2.10-1 

2^5.2 

2.104 

E'  g Value 

U'  Signal 

+0.05 

Intensity 

4.285 

3530 

4.257 

3410 

4.245 

3560 

4.245 

3460 

2990 

2330 

1470 

458 
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The  incipient  fine  structure  apparent  in  Figure  14  is  the 
result  of  hyperfine  interaction.  At  lower  temperatures, 
this  hyperfine  splitting  becomes  further  resolved,  and 
eight  peaks  are  observed.  This  is  consistent  with  a known 
nuclear  spin  for  cobalt  of  7/2. 

Spectra  for  [Co(o-phen)^] (010^)2  were  obtained  at 
173° » 153°,  and  93°K.  Again,  two  resonance  absorptions 
are  present.  The  primary  absorption  gives  such  a broad 
signal  that  only  at  93°K  can  a reasonable  estimate  of  g 
be  made.  It  is  4.30+0.1.  The  secondary  absorption  appears 
as  a weak  signal  superimposed  upon  the  primary  absorption, 
and  is  observed  at  173°  and  135°K;  it  is  completely  hidden 
at  95°K.  The  g value  at  173°K  is  2.03+0.1,  and  at  133°K 
is  2.04+0.1.  The  spectra  at  135°  and  93°K  are  shown  in 
Figures  16  and  17. 

The  general  characteristics  of  the  spectra  of  the 
terpyridine  salts  aire  very  broad,  weak  absorptions  at  or 
near  room  temperature,  but  with  subsequent  narrowing  and 
increasing  intensity  at  lower  temperatures.  A typical 
broadened  spectrum  is  shown  in  Figure  18.  Instrumental 
and  physical  measurement  factors  lead  to  an  \incertainty 
in  the  g values  of  approximately  +0.005.  Values  having 
uncertainties  much  larger  than  this  cannot  accurately  indi- 
cate differences  between  values  at  two  different  tempera- 
tures, and  so  have  not  been  reported. 
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16,—EPR  spectrum  of  [Co(o-phen)7] (CIO^)^  at  135°K,  Signal  amplitude 

160,000.  0 ^ d 
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Fig.  17. -^R  spectrum  of  CCo(o-phen),] (CIO. )p  at  93°K.  Signal  amplitude 
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Fig.  18,-EPR  spectrum  of  [Co(terpy)o] (RO,)^  at  0°K.  Signal  amplitude 
65,000.  ^ ^ 
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The  broadness  and  necessarily  large  signal  amplifi- 
cation at  the  higher  temperatures  decreases  the  precision 
of  the  g values,  and  only  for  the  sulfate  are  the  spectra 
narrow  enough  at  the  higher  temperatures  to  allow  reasonable 
measurements  of  signal  intensities  above  233°K.  This 
results  from  the  electrons  being  in  a chemical  environment 
and  interacting  magnetically  with  this  environment  in  a 
more  or  less  random  fashion.  As  a consequence,  the  re- 
sultant magnetic  field  experienced  by  a population  of 
electron  spins  is  not  entirely  homogeneous,  though  the 
applied  magnetic  field  may  be.  Hence,  resonance  is  achieved 
over  a range  of  applied  field  strengths  giving  a finite 
width  to  the  EPH  absorption  curve.  Radiationless  decay 
■will  occur  more  rapidly  at  higher  temperatures  because  of 
increases  in  vibrational,  rotational,  and  translational 
energies,  and  therefore,  because  of  the  Heisenberg  un- 
certainty principle,  the  energy  at  which  resonance  occurs 
will  be  less  certain,  and  this  will  lead  to  a broadening 
of  the  spectrum. 

Because  of  differences  in  sample  concentrations, 
comparisons  between  the  magnitudes  of  the  signal  intensi- 
ties of  two  different  complexes  will  have  no  meaning. 

However,  for  the  sulfate,  the  intensities  for  the  two 
resonances  are  comparable.  The  numbers  given  are  in  arbi- 
trary 'units.  The  signal  intensities  are  obtained  from 
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measuring  the  areas  under  the  two  halves  of  the  first- 
derivative  curve.  The  approximate  error  in  measuring  these 
areas  is  between  5 and  10  per  cent. 

Discussion 

The  appearance  of  two  distinct  SPR  absorptions  for 
the  terpyridine  complexes  confirms  the  existence  of  an 
equilibrium  distribution  of  magnetic  ions  over  at  least 
two  electronic  levels.  Observation  of  the  same  phenomenon 
in  the  "normal  high-spin"  o-phenanthroline  complex  indicates 
that  such  an  equilibrium  may  exist  in  a large  n\imber  of 
octahedral  cobalt(II)  complexes  previously  thought  to  be 
100  per  cent  either  high-spin  or  low-spin.  The  existence 
of  an  equilibrium  should  at  least  qualitatively  establish 
the  proximity  of  the  crystal-field  potential  of  the  complex 
to  the  cross-over  point. 

The  respective  g values  of  the  two  absorptions  for 
the  terpyridine  series  leave  little  doubt  that  the  two 
levels  involved  are  the  E'  and  the  lowest  U',  The  calcula- 
tions indicate  that  a g value  of  about  2,1  - 2.3  is  expected 
for  the  U*  level  to  the  right  of  the  cross-over  point,  and 
this  is  approximately  what  has  been  found.  The  average  g 
value  of  4,25  found  for  the  secondary  absorptions  is  some- 
what higher  than  the  4,000  predicted  for  the  E'  level  in 
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the  strong-field  approximation.  However,  Low  reports  a g 

value  of  ^.2785  for  Co  ions  in  a MgO  single  crystal,  and 

assigns  this  to  the  E'  level  [80].  If  one  calculates  the 

expected  g value  for  the  E‘  level  using  the  weah-field 

scheme,  the  value  4.335  is  obtained.  It  is  gratifying 

that  the  experimental  g value  is  between  the  theoretical 

limits  of  the  strong-  and  weak-field  approximations  and  so 

near  to  the  value  found  by  Low.  One  explanation  for  the 

discrepancy  between  4.25  and  4.00  is  the  possibility  that 

the  transition  from  the  U'  to  the  excited  E'  level  may  not 

be  vertical.  This  could  arise  because  of  a difference  in 

the  metal-ligand  internuclear  distance  between  the  U'  and 

E'  levels,  and  thus  the  value  of  A,  and  hence  S , would  be 

different  for  the  different  ions  of  the  two  levels.  The 

possibility  of  this  was  mentioned  in  the  Discussion  of  Part 

I.  The  E'  level,  arising  wholly  from  the  ^T^  term,  would 

be  expected  to  have  a S value  less  than  the  one  for  the 

U'  level  which,  to  the  right  of  the  cross-over  point,  arises 

2 

predominately  from  the  E term.  The  applicability  of  the 
strong-field  scheme  is  uncertain  to  the  left  of  the  cross- 
over point,  and  it  is  not  imreasonable  that  calculations 
designed  to  consider  systems  to  the  right  of  the  cross-over 
point  may  begin  to  break  down. 
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The  ground  level  of  the  o-phenanthroline  complex  is 
the  E'  level,  and  the  g value  found  of  ^,3  + 0,1  is  con- 
sistent with  this,  and  consistent  with  a weak-field  formu- 
lation. The  first  excited  level  is  a U' , presumably  pre- 
dominately 3/2U’(^T^)  if  a vertical  transition  is  assumed. 
The  g value  of  2,0  + 0,1  is  not  consistent  with  a pure  3/2U' 
level  in  either  the  weak-field  or  strong-field  scheme;  the 
weak-field  g value  is  1.067  [81]  and  the  strong-field  g 
value  is  1,2,  However,  as  shown  in  Eigure  13*  mixing  of 
states  is  significant  to  a far  greater  degree  and  over  a 
far  larger  range  of  S to  the  left  of  the  cross-over  point 
than  to  the  right  of  the  cross-over  point;  the  value  of  2,0 
gives  no  indication  of  the  location  of  the  transition  in 
terms  of  S . 

With  the  exception  of  the  nitrate,  the  terpyridine 
salts  show  a shift  in  g value  with  temperature  for  the 
primary  absorption,  the  g values  decreasing  with  decreasing 
temperature.  Close  examination  of  Tables  8-11  reveals  that 
the  largest  differential  occurs  at  the  higher  temperatures. 
For  example,  the  sulfate  g value  drops  0,022  units  from  303° 
to  2^3°*  hut  only  0.009  units  from  2^3°  to  95°;  the  chloride 
g value  drops  0.021  units  from  283°  to  213°,  but  only  0,011 
units  from  213°  to  93°;  the  perchlorate  g value  drops  0,120 
units  from  263°  to  193° » hut  only  0,021  units  from  193°  to 
103°;  and  the  iodide  g value  drops  0,32  units  from  283°  to 
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175°,  but:  only  0.013  units  from  173°  to  83°.  The  corres- 
ponding signal  intensities  increase  with  decreasing 
temperature,  but  again,  the  largest  changes  occur  at  the 
higher  temperatures  with  an  apparent  leveling  off  of  the 
signal  intensities  at  the  lower  temperatures.  This  type  of 
behavior  is  qualitatively  what  is  expected.  The  shift  in 
g values  and  signal  intensities  was  predicted  on  the 
hypothesis  that  8 is  a function  of  temperature  which  would 
be  a result  of  increasing  the  population  of  excited,  an- 
harmonic  vi'orational  levels  with  increasing  temperature. 

The  degree  of  anharmonicity  of  the  vibrational  levels  is 
expected  to  increase  with  the  vibrational  quantum  number 
as  the  potential  energy  curve  deviates  more  and  more  from 
a parabolic  shape.  Therefore,  as  the  temperature  increases, 
the  shift  in  the  equilibrium  metal -ligand  distance  should 
monotonicadly  increase,  and  hence  the  g values  and  signal 
intensities  should  shift  to  a greater  degree  at  higher 
temperatures  than  at  lower  temperatures. 

Examination  of  Table  7 reveals  that  to  the  right  of 
the  cross-over  point,  there  are  two  transitions  predicted 
within  the  U'  level  with  similar  g values  and  probabilities. 
Since  only  one  transition  is  observed  experimentally,  it  is 
reasonable  to  expect  that  it  is  a composite  of  the  two  pre- 
dicted transitions,  and  that  the  resultant  g value  is  an 
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average  of  tlie  two  calculated  ones.  The  transition  proba- 
bility numbers  are  not  too  different  for  the  two  transitions 
and  are  taken  to  be  equal.  The  effect  of  these  numbers  in 
determining  the  relative  strengths  of  the  two  transitions 
is  discussed  below  and  in  Appendix  H.  Table  13  lists  the 
e^q)ected  g values  from  S = 0 to  5000cm“^  for  an  average 
of  the  two  g values  for  the  A ^ and  Aq  ^ d 
transitions.  The  g values  for  the  two  transitions  are  seen 
to  diverge  as  S approaches  zero,  and  this  effect  could  be 
a contributing  factor  to  the  broadening  of  the  spectra  at 
higher  temperatures. 

A quantitative  comparison  of  the  experimental  and 
calculated  g values  would  indicate  room-temperature 
values  for  the  terpyridine  complexes  of  between  800  and 
2000cm'”^.  These  are  somewhat  larger  than  expected  from  the 
magnetic  susceptibility  results,  but  are  at  least  in  semi- 
quantitative  agreement. 

Although  the  shifts  in  the  signal  intensities  are 
qualitatively  consistent  with  v;hat  is  expected,  the  quanti- 
tative aspects  are  not.  As  S decreases  from  values  to 
the  right  of  the  cross-over  point  to  the  point  where  the 
E'  and  lowest  U'  levels  are  of  equal  energy,  the  population 
of  the  U’  ground  level  can  decrease  to  6?  per  cent  of  the 
total  population  at  a maximum.  A further  decrease  would 
demand  that  the  E'  level  become  the  ground  level.  The 
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TABLE  13 

AVERAGE  g VALUES  OE  - A AUD 

D e 

yfc  ^ A^  TRANSITIONS 

in  cm“^ 

S 

3000 

2.039 

2800 

2.044 

2600 

2.049 

2^00 

2.056 

2200 

2.064 

2000 

2.075 

1800 

2.088 

1600 

2.104 

1^00 

2.125 

1200 

2.151 

1000 

2.185 

800 

2.229 

600 

2.285 

^00 

2.355 

200 

2.438 

0 

2.524 
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decrease  in  signal  intensity  reported  for  tlie  primary 
absorption  of  the  terpyridine  cases  is  in  every  instance 
larger  than  35  pei*  cent.  This  result  is  identical  to  the 
results  reported  by  Schmidt  et  al.  [5^]  who  explained  the 
large  decrease  in  signal  intensity  to  a systematic  error 
in  measuring  the  areas  under  the  spectral  curves  at  the 
higher  temperatures.  At  these  temperatures  the  spectra  are 
broad  and  the  base  lines  not  easily  established.  As  a re- 
sult, a large  amount  of  the  signal  may  be  lost  in  the  "tails" 
of  the  spectra,  leading  to  an  erroneously  low  value  for  the 
signal  intensity. 

The  possibility  that  the  E'  level  becomes  the  ground 
level  at  certain  values  of  temperature  is  not  completely 
ruled  out,  although  it  is  highly  unlikely  that  the  E*  level 
is  much  more  than  a few  wave  numbers  lower  than  the  U' 
level.  At  the  higher  temperatures,  the  signals  are  very 
broad  and  an  EPR  absorption  due  to  a transition  within  the 
E'  level  could  be  hidden  beneath  the  spectral  envelope.  A 
distinct  possibility  is  that  the  presence  of  this  E'  ab- 
sorption is  actually  contributing  to  the  broadness  of  the 
spectra.  Spectra  for  the  compound  K2®3-[Co(N02)g] , con- 
sidered to  be  100  per  cent  low-spin,  were  used  as  a standard 
by  Schmidt  et  al.  No  extensive  broadening  was  observed, 
and  the  signal  intensity  remained  constant  as  a function  of 
temperature. 
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The  signal  intensity  from  the  E'  level  might  easily 
be  expected  to  be  considerably  weaker  than  the  intensity 
from  the  U*  level,  even  though  they  be  of  comparable 
energies.  The  degeneracy  of  the  respective  levels  favors 
the  U'  by  a factor  of  two.  Also,  within  a given  sample  and 
assuming  apparatus  effects  caused  by  different  instrument 
settings  are  constant,  the  intensity  is  proportional  to  the 
square  of  the  magnetic  field  at  which  resonance  is  observed 
[82].  Since  the  E'  resonance  is  observed  at  a field 
strength  approximately  one-half  that  at  which  the  U' 
resonance  is  observed,  the  relative  signal  intensity  would 
be  reduced  further  by  a factor  of  four. 

The  exact  role  played  by  transition  probabilities  in 
influencing  the  signal  intensity  is  not  readily  apparent, 
nor  is  it  discussed  in  the  common  EPS  references.  The 
signal  intensity  is  a direct  function  of  the  net  absorption 
of  the  sample  which  is  proportional  to  the  small  difference 
in  population  between  the  two  states  involved.  Since  the 
probability  for  an  absorption  is  equal  to  that  of  an 
emission,  the  difference  in  population  is  dependent  upon 
the  amount  of  radiationless  decay.  Thus,  it  is  the  rela- 
tive difference  in  the  probabilities  of  radiationless  decay 
and  emission  which  influences  the  signal  intensity.  This 
is  demonstrated  in  Appendix  H.  A comparison  of  the  transi- 
tion probability  number  of  32^  given  previously  for  the  E’ 
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transitions  with  the  numbers  for  the  U'  transitions  is 
therefore  not  significant.  More  specifically,  it  is  not 
unreasonable  to  presume  that  even  when  the  E'  level  is  in 
close  proximity  to  the  U'  level  that  the  signal  intensity 
for  the  S'  transitions  is  less  than  for  the  U'  transitions. 

The  EPS  absorptions  for  [Co(terpy)2]30^  • 2H2O 
remain  reasonably  narrow  even  near  room  temperature.  A 
general  comparison  of  the  g values  for  all  the  terpyridine 
complexes  reveals  that  the  sulfate  g values  are  relatively 
smaller  than  those  of  the  other  complexes.  This  would  seem 
to  imply  that  in  general  the  S value  for  the  sulfate 
complex  is  located  farther  to  the  right  of  the  cross-over 
point  than  are  the  S values  for  the  other  complexes.  If 
this  is  the  case,  then  the  E'  absorption  would  be  weaker 
at  the  higher  temperatures  than  for  the  other  complexes. 

An  examination  of  the  curve  for  the  sulfate  given 

in  Figure  2 shows  that  the  maximum  appears  at  a higher 
temperature  than  for  the  other  terpyridine  salts,  again 
indicating  that  it  is  farther  removed  from  the  cross-over 
point  than  the  others, 

A comparison  of  signal  intensities  for  the  two  ab- 
sorptions for  the  sulfate  is  probably  not  meaningful  for 
the  reasons  mentioned  previously.  However,  the  intensities 
for  the  E'  absorption  are  seen  to  remain  approximately 
constant  over  the  same  range  of  temperature  as  do  the  U' 
intensities. 


CONCLUSIONS 


Certain  predictions  concerning  th.e  expected  EPR 
"beliavior  of  the  anomalous  octahedral  cobalt(II)  complexes 
were  made  based  upon  the  theoretical  model  developed  in 
Part  I,  These  were  the  existence  of  two  distinct  resonance 
absorptions  corresponding  to  transitions  within  the  E'  and 
lowest  U'  levels,  a shift  in  g values  with  temperature,  aruj 
a shift  in  signal  intensity  with  temperature.  All  three 
phenomena  were  observed  and  good  qualitative  and  even  semi- 
quantitative  agreement  v^ith  the  theoretical  model  was 
obtained.  The  lack  of  close  quantitative  agreement  only 
serves  to  underscore  the  point  made  in  Part  I that,  although 
the  model  presented  goes  fair  towaird  characterizing  the 
behavior  of  these  complexes,  it  remains  incomplete. 

It  must  be  recalled  that  the  model  developed  in  Part 
I was  designed  to  explain  the  variation  in  magnetic 
susceptibility  as  a function  of  temperature,  and  that  its 
application  to  predicting  EPR  behavior  should  not  be  ex- 
pected to  yield  quantitative  results.  Magnetic  suscepti- 
bility measurements  involve  an  average  result  taken  over  a 
number  of  energy  levels  and  magnetic  states,  and  is  not  as 
sensitive  to  certain  parameters  as  are  EPR  measurements 
which  involve  transitions  betv/een  distinct  energy  states. 
Therefore,  assumptions  which  may  be  suitable  for  predicting 
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susceptibility  behavior  may  not  be  valid  for  predicting 
EPR  behavior.  For  example,  very  small  amounts  of  magnetic 
exchange  between  different  ions  has  little  effect  on  the 
magnetic  susceptibility,  but  often  such  amoxints  can  inter- 
fere markedly  with  the  interpretation  of  EPR  data  [83], 

Also,  covalency  effects,  which  were  thought  to  affect  the 
susceptibility  results  to  only  a minor  degree,  would  lead 
to  a lowering  of  the  experimental  g value  of  a complex  [84-], 
Another  consideration  is  that  small  distortions  from  octa- 
hedral symmetry  coxild  easily  alter  the  relative  splittings 
of  the  magnetic  states  v;ithout  affecting  susceptibility 
behavior.  This  latter  point  is  dramatically  evident  to  the 
left  of  the  cross-over  point  where  Figure  13  shows  con- 
siderable fluctuation  in  the  magnetic  state  splittings 
while  no  anomalies  are  evident  for  the  susceptibility 
calculations  in  that  region. 

It  can  be  concluded,  therefore,  that  the  EPR  studies 
of  Part  II  serve  to  add  further  credence  to  the  theoretical 
model  of  Part  I and  at  the  same  time  emphasize  the  need  for 
further  study  of  these  anomalous  complexes.  Single-crystal 
EPR  measurements  would  aid  considerably  in  determining  the 
distortion,  if  any,  from  octahedral  symmetry,  and  the  role 
it  plays  in  influencing  the  magnetic  behavior.  Extensive 
solution  experiments  should  aid  in  illuminating  the  in- 
fluence of  the  anion,  and  in  general,  crystal-lattice  effects. 


117 

Also,  optical  measurements  as  a function  of  temperature  would 
be  very  helpful. 

There  is  much  which  remains  to  be  learned  about  these 
anomalous  systems,  and  it  is  hoped  that  this  work  will 
provide  a foundation  from  v;hich  further  studies  may  proceed. 


SUMMARY 


The  magnetic  susceptibilities  of  certain  six- 
coordinate  octahedral  cobalt(II)  complexes  were  studied  from 
a theoretical  point  of  view.  Calculations  of  magnetic 
susceptibility  as  a function  of  temperature  were  made  for  a 

7 

d ion  in  an  octahedral  field,  in  order  to  explain  the 

magnetic  moments  of  these  cobalt  complexes,  moments  which 

are  observed  to  be  intermediate  betxireen  the  usual  "high- 

spin"  and  "low-spin"  values  normally  found.  In  addition, 

their  magnetic  behavior  is  anomalous,  that  is,  their 

reciprocal  susceptibility  is  not  a linear  function  of  the 

temperature.  Using  the  strong-field  approximation,  a model 

based  upon  an  equilibrium  distribution  of  magnetic  ions  over 

a p 

several  electronic  levels  arising  from  the  T^  and  E terms 
in  the  vicinity  of  the  cross-over  point  yielded  calculated 
magnetic  moments  which  smoothly  increased  in  value  from  the 
"low-spin"  limit  to  near  the  "high-spin"  limit  as  the 
crystal-field  potential  was  decreased  from  strong-field 
values  to  weak-field  values.  Incorporating  into  the  model 
the  hypothesis  that  the  crystal-field  potential  is  a function 
of  temperature,  theoretical  reciprocal  susceptibility  curves 
as  a function  of  temperature  were  calculated.  These  curves 
are  in  reasonable  agreement  with  the  experimental  curves. 
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In  an  effort  to  further  characterize  the  anomalous 
complexes,  an  electron  paramagnetic  resonance  study  was 
conducted.  The  theoretical  model  predicted  that  two  dis- 
tinct resonance  absorptions  should  be  observed,  that  the  g 
values  should  vary  with  temperature,  and  that  the  signal 
intensities  should  shift  v/ith  temperature.  All  three 
phenomena  v;ere  observed  experimentally.  In  addition,  the 
nature  of  the  shifts  was  consistent  with  the  hypothesis 
that  the  variation  of  the  crystal-field  potential  with 
temperature  is  a result  of  anhairmonic  metal -ligand  vibra- 
tions. 

It  was  concluded  that  the  model  forms  a reasonable 
basis  by  which  to  characterize  these  anomalous  systems  and 
this  model  further  indicates  several  unresolved  factors 
which  could  influence  the  magnetic  behavior  and  which 
remain  to  be  investigated. 
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APPENDIX  A 


ALTERNATIVE  DEFINITIONS  FOR  SOME  MAGNETIC  RELATIONSHIPS 

The  magnetic  field  within  a substance,  termed  the 
magnetic  induction  B,  is  different  from  the  free-space 

A 

field  H.  They  are  related  by 

B = H + 4711  (A-1) 

A 

where  I is  the  intensity  of  magnetization  per  unit  volume. 
The  ratio  of  B/H  is  the  magnetic  permeability,  often 
symbolized  by  . From  the  equation  (A-1),  the  relation- 
ship 

B/H  = 1 + 4tt:k  (A-2) 

is  obtained  where 

K=  I/H  (A-3) 

and  is  the  magnetic  susceptibility  per  unit  volume. 
Occasionally  there  is  used  the  specific  susceptibility, 

"/.gpi  related  to  k via  the  density  D of  the  substance, 

H/D  . (A-4) 

More  commonly  is  used  the  susceptibility  per  gram  ion,  gram 

atom,  or  mole,  which  is  simply  7^^  times  the  gram-ionic, 

sp 

gram-atomic,  or  gram-molecular  weight.  For  example, 

7g_j_  = /(gpCgram-ionic  weight)  _ (A-3) 
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In  this  dissertation,  the  symbol  "X  without  subscripts  is 
used  for  the  susceptibility  per  gram  ion.  This  definition 
for  ~X.  is  completely  equivalent  to  the  one  given  by  equation 
(5)  of  the  Introduction, 


APPENDIX  B 


DISCUSSION  OP  MAGilSI'IC  MOr’IENIS  AND  DERIVATION  OP  EQUATION  (6) 

Magnetiic  fields  are  generated  by  moving  electric 
charges.  A positive  electric  current  moving  in  a coil  will 
produce  a magnetic  field  whose  direction  is  given  by  the 
right-hand  rule.  In  a very  simplified  manner,  an  electron 
moving  around  a nucleus  can  be  thought  of  as  a tiny  current 
loop.  The  product  of  the  current  i and  the  area  described 
by  this  electron  loop,  A,  is  defined  as  the  orbital  mag- 
netic moment,  p-]-^,  where  A is  the  area  vector  whose  direction 
is  also  given  by  the  right-hand  rule.  In  cgs  units. 


where  c is  the  velocity  of  light.  The  current  i is  charge 

per  second,  and  uhe  cgs  unit  of  charge  divided  by  c is  10 

coulombs.  Thus,  in  equation  (B-1),  u has  the  units  of 
2 -1 

lOclb-cm  -sec  . Por  convenience,  this  is  converted  to 

-1 

erg-gauss  by  the  relationship 

—1  —1  P 

1 gauss  = 10  erg-sec-clb  -cm  . (3-2) 

Since  the  ciorrent  due  to  an  electron  moving  in  an 
orbit  with  velocity  v is  simply  the  electronic  charge 
multiplied  by  the  number  of  times  it  traverses  a complete 
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loop  per  second,  i = -ev/2n;r,  with  the  area  of  the  orbit 
2 

being  ixr  . Then  the  orbital  magnetic  moment  summed  over 
all  the  discrete  charges  of  a molecule  is 


Note  that  because  the  current  i is  due  to  negative  elec- 
trons, the  direction  of  u^  as  defined  in  equation  (B-1) 


is  opposite  that  of  both  A and  the  generated  magnetic  field. 
Thus  it  is  in  a north-to-south  direction. 

Momentum  p^  equals  mv^^,  and  orbital  angular  momentum 
L is  X Pj^  giving  the  relation 


^ “ Sic  ^ 


(B-A-) 


where  e now  represents  the  total  charge.  The  intrinsic 
spin  of  the  electron  gives  rise  to  a spin  magnetic  moment, 
ja  , which  can  be  related  to  the  spin  angular  momentum,  S,  by 

O 

e 


s . 


(B-5) 


This  relationship  is  derived  from  relativistic  considera- 
tions [76].  The  total  magnetic  moment  is  then 


U = + Ug  . (B-6) 

In  the  direction  of  an  applied  external  magnetic 
field  (z  direction),  the  above  equations  become 
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:mc  "^z 


me  z 


^z  = ^ 

z z 


(B-7) 


The  energy  of  interaction  of  a system  with  an 
external  magnetic  field  may  be  taken  as  the  classical  form 
of  that  part  of  the  Hamiltonian  due  to  a magnetic  field  [1], 


E,  = 2 H X r.  .p.  + ^ . 

1 ^_2_(2mc  1 Sme 


H X r. 


^ ®i  h A 1 

+ Sc  ®'®l5 


(B-8) 

where  is  that  part  of  the  energy  dependent  on  H.  The 
first  and  third  parts  of  equation  (B-8)  represent  the 
contributions  from  the  interaction  of  the  orbital  and  spin 
angular  momenta,  respectively,  with  the  magnetic  field. 

The  second  part  of  the  equation  is  due  to  an  induced  inter- 
action and  gives  rise  to  diamagnetism.  It  is  negligible 
relatxve  to  the  other  two  and  will  not  be  considered.  Re- 
arranging slightly  gives 

•e..  . e. 


(B-9) 


= 2SS  h-b  - h-s 


which  is  further  simplified  to 

(B-10) 

Taking  the  field  to  be  in  the  z direction 
and  differentiating  with  respect  to  H, 


with  S = SSj^ 


(B-12) 


which.,  from  the  relations  of  (B-7),  yields 


aE 


or 

= - H CB-13) 

where  E can  now  be  taken  as  the  total  energy  for  an  atom 
in  a magnetic  field  in  a given  electronic  state. 
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AP?S1\"DIX  G 


PROOF  OF  THE  INVERSE  PROPORIIONilLITY  BEIV7EEN  SIGNAL 
INTENSITY  AND  ABSOLUTE  TEIIPSRATUHE'^ 

Consider  a large  assembly  of  unpaired  electrons 
divided  into  two  populations,  a +1/2  spin  population  and  a 
-1/2  spin  population.  At  thermal  equilibrium,  the  ratio 
of  the  two  populations  is  governed  by  the  Boltzmann  factor. 


n(-l/2 


•■•7 

ni^+1/2 


EC-1/2)  - EC+1/2)  ^ gS3H/kT 


(G-1) 


; ) - ic'jJ 

The  signal  intensity  is  directly  proportional  to  the  dif- 
ference in  population  of  the  tv;o  states.  An,  where 

An  = n(-l/2)  - n(+l/2)  . (0-2) 


(0-5) 


(0-^) 


Denoting  the  total  population  as 

N = n(-l/2)  + n(+l/2) 
and  combining  equations  (0-1)  - (0-3), 

ggPH/M  ^ 3_  • 

The  denominator  of  equation  (0-^)  is  negligibly  different 
from  2,  and  therefore. 

An  = |(eS3H/icT  _ ^ (0-5) 

Expanding  equation  (0-5)  as  a Taylor  series. 


'Reference  [78], 
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An  = f 


Cl  .1 


CG-6) 

Vitii  g(3H/kT  « 1,  all  terms  second-order  and  higder  can 
"be  neglected,  and  so 


An 


Ng3H 

“2kT 


(S-7) 


APPENDIX  H 


DERIVATION  OE  SIGNAL  INTEI^SITY  DEPENDEITCE  UPON 
QUANTUM  EPFICIENCY'*' 

The  signal  intensity  for  an  absorption  may  be  ex- 
pressed by 

I = A N (H-1) 

where  A represents  all  the  instrument  factors,  (j)  is  the 
quantum  efficiency  to  be  defined  below,  and  N is  the  total 
population.  Designating  the  populations  of  the  ground  and 
excited  states  by  n^  and  1I2  respectively,  where  N = n^  + n2» 
the  rate  of  change  of  the  population  of  the  excited  state 
is 

d[np] 

where  the  rate  constants  are  for  absorption  (h^),  emission 
(k^),  and  radiationless  decay  (k^).  At  equilibrium, 

[Up]  = k^[n^]/(kg+k^)  . (H-3) 

The  quantum  efficiency  is  defined  by 

^ * CH-^) 

Substituting  equation  (H-3)  into  (H-^) , one  obtains 

^ • (H-5) 

"^Reference  [85], 
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Thus,  the  quantum  efficiency,  and  hence  the  signal 
intensity,  is  very  dependent  upon  the  magnitude  of  the 
rate  of  radiationless  decay.  The  transition  probability 
numbers  calculated  in  Part  II  are  directly  proportional  to 
k and  k which  are  equal  for  EPR  transitions, 

o.  6 


APPMDIX  I 


Computer  Programs 

Each,  of  the  two  main  programs  written  for  this 
dissertation  may  he  separated  into  three  parts,  the  middle 
part  of  both  being  common.  The  middle  part  is  reproduced 
here  only  once.  The  subroutine  JACOBI  is  a diagonalization 
subroutine  which  utilizes  only  the  upper  half  of  a matrix. 
JACOBI  was  made  available  in  binary  form  by  Dr.  Charles  E, 
Eeid  of  the  University  of  Florida.  The  plotting  subroutine 
is  available  on  the  library  tape  at  the  University  of 
Florida  Computing  Center. 


141 


Part  1 


1^2 


oO 

•» 

<< 

a 

2!! 

LH 

00 

< 

w 

UJ 

•» 

-J 

1— 

UO  00 

•k 

LO 

•» 

X 

*— 

CO 

H- 

f\J 

<r 

►— < 

t— 4 

W. 

• 

X 

c. 

a 

X 

LU 

C 

»— « 

o 

H- 

LJ 

LO 

X 

00 

-J 

•k 

D 

UJ 

1 

uo 

*• 

CO 

CJ 

-j: 

w 

.»-• 

1— 

uO 

CJ 

-J 

X 

•w 

— H 

-J 

UJ 

X 

o 

m 

h- 

< 

a 

•• 

CO 

00 

iCi 

JJ 

— > 

w 

LO 

CO 

• 

in 

X 

— k 

o 

<— • 

h— 

X 

X 

< 

X 

o 

a 

< 

00 

k^ 

X 

X 

h— ' 

Pk 

h- 

00 

— » 

6 

*• 

* 

00 

X 

*> 

3 

X 

oO 

tC.. 

lU 

• 

< 

ufO 

— * 

X 

-U 

X 

r<o 

•— 

— k 

•> 

+ 

1— 

X 

oc 

X 

-* 

X 

o 

Uf 

— 

X 

X 

ro 

jT> 

c\i 

o 

> 

h~ 

-— 

•k 

»• 

* 

< 

X 

< 

u 

X 

* 

■o. 

dC 

ra: 

< 

> 

'T 

JJ 

— k 

u 

»l  J 

J— « 

•k 

fO 

*• 

X 

a 

X 

Q- 

1^/* 

•» 

< 

:2: 

X 

— * 

•— 

■— 

•< 

r— 

— 

<x 

LU 

UJ 

> 

O 

UJ 

XJ 

cc 

H“ 

— 

o 

cc 

CD 

X 

tu 

> 

«* 

Ss 

f— 

X 

X 

< 

■ — • 

k— 

*• 

+ 

<1 

u 

f— 

a: 

I-H 

o 

1— • 

-z' 

cc 

X 

. — . 

< 

LLI 

X 

X 

< 

vT 

o 

X 

_j 

Cl 

o 

o 

— ' 

•k 

•w 

Z2 

X 

I--4 

•• 

a 

*k 

jr\ 

UJ 

H- 

00 

— . 

. — . 

_J 

1— 

o 

h~ 

ro 

•k 

o 

X 

<'-3 

<t 

•k 

— k 

JO 

X 

u. 

X 

;„j 

ro 

nT 

k— 

<v 

+ 

a 

X 

•k 

— 3 

X 

Cu 

o 

-I 

“vT 

.u 

in 

X 

•— 

o 

< 

HH 

w 

o 

k—  IN 

f-~ 

Li. 

X 

X 

X 

o 

I! 

X 

tO 

tL. 

X 

«k 

X 1! 

rH 

IX 

s 

k— 

< 

X 

►-H 

•k 

—k 

X X 

<< 

— k 

a 

< 

o 

3 

00 

o 

•-«4 

X 

X 

"I/* 

< 

o 

'J- 

'.n 

o 

II 

II 

o 

X 

u— 

X' 

•k 

X 

--k 

CJ 

X 

X 

X 

:;^ 

o 

< 

X 

X 

X 

ci 

UJ 

W 

oO 

X o 

IX 

X 

a. 

< 

X 

< 

CO 

CO 

CO 

•:e:  X 

— 

a 

u 

o a o o o 


Part  2 


1^3 


a 


< 


<i 


u 

(J 

< 

o 

t/7 


X 


< 


CQ 

O 

o 

<I 


o 


c. 

3 

3 

O 


<I 


u 

OC 

a 

I 


u 


•X 

3 

CO 

<r 

X 

m 

< 

< 

X 

h- 

• 

• 

ci: 

*o 

LU 

JJ 

O^J 

'.JJ 

M 

X 

jj 

>}» 

>1* 

< 

— 

< 

X 

X 

'C' 

h“ 

•r) 

h- 

3 

V— 

'34 

O 

Xi 

-ij 

r- 

f- -4 

r\j 

''1 

, -4 

n 

LJ 

X 

•C" 

1 

•> 

+ 

’J~, 

3 

<r 

PH 

r-~4 

-J 

< 

CM 

-J 

H*  wU 

ro 

*5 

t 

• 

• 

U 

• 

! J 

CO 

.'O 

1 4 

3 

o 

II 

3 

'vO  • 

r-l 

h— 

II 

II 

II 

II 

II 

II 

II 

II 

►— < X* 

II 

II 

— - 

— 

— K 

3 

"3 

m4 

±i 

s'^Ni 

1-0 

•-S 

C\J 

ro 

-H 

tM 

i*0 

>-  3 

5; 

<t  X 

,"0 

ro 

XI 

rH 

r-4 

f\j 

IM 

fM 

pn 

PO 

on 

CC  CQ 

o 

-J 

w- 

W 

w 

•W 

w 

a.  3 

II 

o 

o 

.-U 

< 

< 

< 

< 

< 

<t 

< 

<1 

< cO 

-<C 

o 

o 

fO 


O 'J 


o o o o 


o 


K=K+  L 

ARRAY ( K j = A ( I , J ) 

CALL  JACOBI  (3, ARRAY, VA, ITER, (RACE) 


hO(I)  ARt  IHt  ZEKU-LRCER  ENERGIES 


144 


< 


INI 


<Z 

rn 

f— 

ro 

■JJ 

rn 

- — . 

m 

»;< 

o 

•«--> 

• 

• 

> 

> 

>- 

o 

o 

< 

<z 

1 

+ 

Ci 

Crl 

U- 

-J 

—1 

DC 

IJ 

< 

< 

< 

CJ 

o 

H 

11 

II 

11 

il 

— • 

— « 

r\i 

in 

a 

O 

o 

a 

O 

j: 

j; 

_£ 

* 

*— * 

— - 

N 

. — . 

IJ 

—4 

M 

CM 

■'O 

i 

* 

•> 

H- 

<N 

CM 

(M 

og 

(M 

CM 

»«— ■ 

w 

«— » 

< 

<; 

•a 

liT 

> 

> 

> 

> 

:> 

> 

•k 

»;< 

* 

Kt 

CO 

CM 

(N 

CM 

O 

• 

• 

• 

t 

• 

• 

f-H 

•-H 

•X 

ro 

a 

1 

+ 

1 

X 

1 

4* 

u 

CM 

CM 

CM 

CM 

CM 

CM 

— 

>;« 

< 

Kt 

»K 

u 

— • 

r— ^ 

CM 

■M 

ro 

m 

o 

•* 

•• 

•> 

-j 

m 

m 

ro 

ro 

m 

m 

< 

*— » 

w 

w 

w> 

< 

< 

< 

< 

< 

> 

> 

j> 

> 

> 

> 

CO  ^ 

* 

ii* 

* 

i:  f ry' 

>• 

o 

r- 

o 

r- 

o 

o 

o 

o 

o 

o 

'•J  < 

o 

o 

vC 

o 

X/ 

o 

d:  5: 

o 

c 

o 

o 

sO 

o 

nT 

nT 

sT 

'>C‘ 

^ a 

• 

« 

• 

• 

• 

• 

-w  jj 

-H 

-:  ■? 

o 

-X 

o 

^J 

1 

•f 

1 

4- 

1 

X 

'1^  1 j 

'\l 

(M 

CM 

CM 

(M 

r>j 

*5  _j 

)'< 

>11 

>;* 

Ji* 

>;* 

>ic 

•XI  x: 

■ — ■ 

— * 

- — ' 

■ — - 

u a 

r-4 

'"''4 

Vj  (J) 

•* 

•» 

•• 

•> 

< 

"M 

r\j 

OJ 

CM 

CM 

CM 

Crl 

w 

— » 

w 

<w 

a 

< 

< 

< 

< 

Xi 

> 

> 

> 

d:  xi 

<< 

ac 

»;* 

O X 

o 

O 

CO 

nO 

.-0 

o 

1 ^ 

• 

• 

f 

• 

• 

0 

o 

r-H 

o 

rX 

o 

.0  X 

4- 

X 

T 

X 

X 

(i:  o 

rM 

CM 

CM 

CM 

CM 

CM 

»« 

Kt 

>;« 

X 

*}» 

3it 

>1* 

< 

— 

— * 

—V 

o- 

LJ 

> 

rX 

»*x 

CM 

CM 

CM 

CM 

X 

1-0 

ro 

Csl 

rX 

o 

>- 

X 

vO 

O 

h- 

»* 

fX 

t— 4 

rX 

-X 

rX 

f-X 

CM 

CM 

^x 

»x 

ro 

ro 

nO 

MJ 

w 

— ' 

*w 

•W. 

— 

w 

— ^ 

— 

j: 

O 

XI 

nc; 

^X 

r"X 

< 

<I 

X 

-X 

< 

—4 

•“-H 

• 

• 

vO 

ZJ 

> 

> 

> 

> 

> 

> 

3: 

IS  • 

(M 

o 

• 

< 

1 

1 

1 

1 

1 

1 

1 

1 

1 CM 

1 

1 

o 

u 

n 

l| 

II 

H 

II 

II 

II 

II 

'1 

II 

II 

II  II 

II 

II 

II 

XI 

— * 

— > 

■ — » 

••X 

■X 

TvJ 

"X 

<r 

•»x 

Cm 

CM 

CM 

ro 

>r 

^x 

CO 

CM 

ro 

ro 

rvj 

rX 

CM 

LJ 

-X 

rO 

rX 

ro 

»x 

rX 

CM 

"0 

CM 

ro 

CM 

CM 

>*o 

ro 

ro 

rf\  <r 

LA 

iA 

o 

w 

W 

w 

»— » 

— 

w 

*— * 

•W' 

w 

w 

w 

w 

•«.> 

w 

•■X 

-X 

rX 

< 

fX 

< 

rX 

t 4 

rX 

c 

X 

<c 

»x 

*x 

X 

< 

X 

< 

rX 

pX  *X 

fX 

rX 

rX 

X 

:& 

> 

X 

> 

jC 

-'5 

■> 

JH 

> 

j£ 

:c 

j: 

jC 

> 

LC 

ji  j: 

:£ 

3C 

JH 

— H '—4  -H  -H 


CO 


o o 


o o o o 


O U !-> 


b(I,J),  C(I,J),  cn,j),  AND  E(I,J)  ARE  THE  OFF-DIAGQNAL  ELENENT 
CF  IHE  F.AGNtflC  HAKILTOMAN  USEE  TO  CALCULATE  THE  SECUi\D-CRC£K 


ZEEMAN  ENERGIES,  W2 ( I , J ) 


145 


CNJ 

•k 

«• 

•k 

V', 

w* 

«— • 

W' 

< 

< 

> 

> 

M 

— * 

— k 

«« 

«k 

ro 

ro 

“0 

' — ' 

w 

< 

< 

< 

C> 

> 

o 

>;« 

r- 

r^ 

sO 

nO 

o 

nU 

'O 

o 

O 

o 

>r 

nT 

>T 

1 I 

r\j  m 

'"M  f\i  CsJ  ro 

< og  <t  fM 

> — 


I 

rcy 

-O 

.-M  C'J 


>{< 

< 

*;< 

< -n 

> 

- — 

> 

<w 

— k 

r>  kk— 

* < 

«k 

•• 

o 

*k 

> 

1—4 

r—i 

>it 

:■^J 

rsj  >;c 

— 

•k 

O 

•w 

vO 

ro 

‘X 

ff't 

kP. 

<z 

rn  CP 

> 

> 

PsJ 

> 

*k.-  f\J 

c 

< 

< O' 

'JO 

> 

X 

> 

r*4 

CO 

;>  ^ 

• 

>:( 

• 

»;< 

• 

• 

M • 

f— 4 

•o 

T— 4 

—4 

xO  — • 

-1- 

• 

4- 

• 

4* 

4* 

• 4- 

o 

— 

o 

— k 

— k 

O -' 

1 

m 

1 

1 <N 

•* 

— k 

•• 

' — • 

•k 

--k,  4IK 

—4 

:'nI 

— 4 

-o, 

CJ 

--» 

rp 

•— 

•* 

*k 

k^ 

k-^ 

P>  •W' 

ro 

<z 

n 

< 

*x 

ro  < 

> 

»-» 

> 

k— 

> 

>■ 

> 

>:« 

c 

<x 

»5  ■(< 

> 

> 

>r 

> 'J" 

r»H 

<3 

CvJ 

* >0 

•• 

-—k 

•k 

— • 

1 ^ 

•k 

r-4 

-•■4 

—4 

-4 

sT 

r^J 

, ' 1 

I'vJ 

•• 

' — ' 

«k 

^-n 

•k 

•w 

••  4^1 

< 

■'\i 

*'X 

r\j 

• 

—1 

< 

Pj  • 

;> 

— 

o 

k-* 

r-4 

kk^ 

«k^  r— ^ 

1 

< 

1 

*'■<* 

1 

o 

1 

•t;  I 

11 

> 

II 

> 

II 

11 

II 

> II 

Jl* 

•— k 

■ — . 

* '-k 

fN 

o 

m 

o 

nT 

»-4 

rn 

O nT 

o 

o 

r\) 

fNi 

O r\j 

1 

»»«■» 

1 

k»,« 

kw* 

kk^ 

1 — 

03 

— k 

LC 

03 

CO 

-k  a3 

-H 

r~4 

r-4 

rsi 

CP 

<r) 

•k 

*k 

-p 

-p 

"P 

«k- 

w 

k^ 

< 

< 

< 

;> 

> 

> 

>‘4 

»;< 

- — ■ 

k 

• '4 

•-4 

CM 

•k 

•k 

*. 

rp 

,"P 

rp 

k— 

k_^ 

< 

< 

> 

> 

> 

tic 

o 

O 

O 

a 

O 

CO 

o 

o 

CO 

(O 

>r 

>7" 

NX 

• 

• 

t 

o 

o 

o 

4- 

4" 

4- 

PC 

CP 

r*> 

*k 

k 

•> 

k 

Pk 

CM 

'PJ 

Pkj 

-P 

('sj  ."P 

■ 

k — • 

•k 

k_- 

«k 

k^  a. 

rr. 

CM 

< 

PJ 

< CM 

»k 

:> 

*— ■ 

> 

k.- 

> — 

,-n 

>;» 

•;< 

<x 

*—> 

— > 

> 

- — ' 

> 

--  > 

< 

f~4 

f-i 

PsJ  >it 

•k 

— k 

•k 

-~k 

«k  ^ 

f\l 

iM  CM 

O 

w 

•k 

*— 

#k 

•W  (k 

kO 

rp 

< 

rP 

< 

rvj 

> 

*— • 

> 

■w 

> — 

O' 

* 

<X 

>i.  < 

•—4 

vO 

> 

O 

> 

^o  > 

ro 

r^j 

< 

> 


• tf  • ilH 
O CO  O CO 


r\j  4* 
--t  '•\j 


<T.  ro 

> 


• # 

O CO 


"N 

4 C\J 

r'O 

II  II 

-4  PSJ 


-T  <r 

ro  •• 

•—4 

I CO 
I!  it 


4* 

rp 

4* 

— k 

—4 

•k 

— s 

CM 

I'NP 

•k 

,•4 

-p 

*• 

«> 

CM 

PJ 

CM 

k-» 

<x 

■rp 

k— . 

•k-^ 

<X 

> 

.-T 

< 

<z 

> 

«<* 

-'X 

> 

> 

— k 

•> 

s* 

# 

JP 

CM 

»!< 

UP 

in 

•“k 

CO 

*k 

— k 

o 

— o 

““4 

'0 

CM 

—4 

PJ 

xO 

.-o  O 

•» 

rp 

•k 

' — 

•k 

,-p  «k 

•k  ^ 

>3- 

>3- 

CO  CQ 


cn  < r\i  < r-v  r\j 

— ' > W > ^ . 

:0  -I 
11  II  > 

m r\j  00 


< 

— > 

<X  rs)  \j 
> II  I!  II 
^ ^ ^ ^ 
ro  CO  >0" 


•''j  rvj 


c\j  r\j 


II 


r— « fTj 

f\i  rsj 

O U 


'X  v-sj  U O 
> II  II  II 
^ ^ ^ ^ 
XI  4"  -H  (N 


O 

II  II 


>r  —4 

m sj- 

o u 


nT  "~H  r«4 

CO  o — 


J — u 


■— I ovj  r<^  rO 

+ — ^ 

O O 


O U 


{E*£)^=(e*^7)^ 
( E ‘ 2 ) D = ( 2 * E' ) 0 


— * 

nT 



•c* 

•\ 

<T] 

r^i 

•• 

•* 

-n 

•- 

nT 

<r 

vj* 

*» 

•* 

•• 

'■'J 

p> 

nT 

-J" 

<r 

'VJ 

Ovj 

•• 

•• 

ro 

•» 

-> 

•* 

.-H 

•« 

r\l 

c\i 

•> 

•» 

I'O 

•» 

W 

— < 

r\i 

fNJ 

w 

r~H 

•w 

rN 

»-H 

^nI 

on 

!_) 

1 ^ 

W 

•W 

•— * 

CQ 

CJ 

•— » 

:o 

•w 

w 

w 

w 

1 

a 

-i 

a 

1 

1 

JJ 

1 

l.U 

v!J 

lU 

>1J 

j 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

i| 

II 

II 

II 

II 

II 

II 

II 

II 

•-» 

— * 

«««» 

'T 

<r 

f—4 

c\i 

ro 

fNJ 

<• 

m 

>T 

r\i 

r\j 

ro 

rv 

f\J 

rr) 

ro 

ro 

■nT 

r- < 

f— ( 

f\) 

C\J 

r\j 

m 

ro 

rO 

'5' 

'T 

>T 

w 

w 

w 

w 

w 

w 

w 

w 

Om« 

w 

w 

u 

_3 

a 

Q 

a 

a 

a 

JJ 

LU 

OJ 

u 

JJ 

U 

JJ 

I j 

U 

LU 

M 

i-U 

Part  3 


1^7 


'X 

As 

As 

OsJ 

i'\i 

r>j 

f\J 

AJ 

AJ 

AJ 

'll 

i'X 

>;< 

X* 

«i 

X* 

*;* 

j;« 

Xi 

>}( 

— * 

P~> 

p-W 

-T 

'C' 

■<r 

■C" 

<■ 

■C" 

•* 

•* 

•«. 

•* 

p» 

pk 

f— 4 

r—4 

fH 

AJ 

AJ 

AJ 

•— 

— * 

— 

w 

•w 

WP 

CJ 

u 

u 

OJ 

LU 

3 

uJ 

+ 

4* 

4- 

4* 

4* 

4- 

4- 

■ — ' 

p— * 

p-' 

P-* 

p— . 

p— . 

— * 

p— 

p-^ 



p— » 

P-S 

O') 

m 

C^^ 

c<^ 

n't 

w 

w 

w 

WP 

a 

a 

0 

a 

0 

3 

3 

js: 

1 

s: 

3: 

Dr 

\r 

rH 

AJ 

AJ 

AJ 

— 

<w> 

w 

WP 

WP 

o 

a 

0 

a 

3 

3 

3 

'■t 

;:5 

3^ 

3 

• — * 

'W P 

•— • 

w 

WP 

WP 

V, 

'N. 

A, 

'A 

AJ 

rv 

a; 

AJ 

AJ 

AJ 

C\i 

* 

* 

>1 

i* 

Xc 

X* 

S|< 

X* 

X* 

X( 

# 

— » 

p— ^ 

P-* 

p— 

ppp« 



rn 

ro 

ro 

A-) 

ro 

m 

rr\ 

-1 

p— 4 

fH 

AJ 

Al 

AJ 

*— • 

’— p 

•— » 

WP 

WP 

WP 

rr] 

o 

Lj 

aj 

cr^ 

3 

u 

-h 

-♦• 

+ 

4* 

+ 

4* 

p— 

P-* 

— • 

— . 

p“H 

p~« 

p— » 

p— • 

p— . 

f\j 

Aj 

AJ 

rj 

— H 

pH 

#H 

W 

' — ' 

— 

<— p 

WP 

WP 

o 

o 

3 

CD 

0 

\ 

3 

3T 

;« 

D£ 

r-c 

P—4 

1 1 

^—4 

pH 

r^j 

CM 

CM 

W 

' — 

— p 

WP 

WP 

u 

a 

u 

a 

0 

3 

3 

■5 

*3; 

*— 

•w 

WP 

WP 

As 

'n 

r\i 

Tsl 

Aj 

CNJ 

CM 

AJ 

Al 

>yt 

Xt 

X< 

X* 

t!f 

X* 

Xc 

X* 

X* 

. — . 

— ' 

— • 

— % 

p— . 

. — . 

AJ 

(NJ 

C’sJ 

AJ 

P-. 

AJ 

Ai 

CM 

p-^ 

♦* 

•» 

p— . 

*• 

— * 

•» 

p— » 

p— » 

p. 

. — 

p-4 

ir\ 

->r 

'J" 

>H 

u-\ 

rH 

LT, 

rH 

>r 

pH 

'T 

•— 

w 

— p 

•w* 

-«p 

<w> 

*w 

WP 

WP 

WP 

CJ 

o 

w) 

a 

3 

UJ 

3 

CO 

3 

0 

3 

CJ 

0 

M 

jZ 

n 

z 

II 

It 

-■•C 

II 

II 

■jC 

II 



1 

•— • 

1 

p-^ 

1 

— ««• 

1 

-»H 

1 

p— » 

1 

«— . 

1 

f— < 

f\j 

— » 

pA 

—4 

r\i 

r^, 

•* 

•• 

p— 1 

•* 

f— ^ 

** 

0* 

CM 

Pi. 

(NJ 

pft 

AJ 

— H 

— » 

O— . 

— H 

w 

Al 

•— 

AJ 

WP 

AJ 

WP 

a 

a 

w 

W 

— 

CD 

w 

0 

w 

3 

WP 

3 

r\ 

3: 

<M 

:s 

r\i 

3: 

AJ 

cs 

(NJ 

3 

f\l 

AJ 

:s 

.s 

*— ’ 

-a* 

3£ 

3i 

w 

-S 

3 

WP 

'-4 

•—4 

pH 

•H 

—4 

.-H 

rH 

148 


V. 

V, 

•N 

\ 

kN 

Vk 

(NJ 

CNJ 

CnJ 

CNj 

(\l 

CNJ 

CNJ 

INJ 

>’A 

if 

if 

if 

if 

if 

>;< 

if 

if 

* 

if 

X« 

if 

-— k. 

— k. 

k 

.-k 

'C' 

vT 

'•T* 

kT* 

■j- 

'J- 

rvj 

ro 

m 

ro 

m 

rO 

rn 

cn 

m 

— 

k— 

k— ■ 

k_ 

k^ 

LU 

CQ 

o 

CJ 

'jj 

o 

3 

3 

L-:i 

•*• 

-♦- 

-(- 

+ 

4- 

-*• 

4- 

4- 

' — ■ 

— *• 

■ — - 

— k 

--k 

■— 

- — 

r—k 

k 

«— k 

, — . 

ro 

rsj 

IM 

vNJ 

rg 

<M 

CNJ 

TvJ 

nj 

•*— « 

■*-- 

■k-» 

— 

■w 

k.l' 

•kk* 

k_^ 

□ 

a 

3 

a 

a 

□ 

a 

o 

u 

xC 

1 

j£ 

1 

-5 

jS 

3 

(NJ 

n 

rn 

cn 

kT 

un 

un 

•«-<' 

— <* 

«— » 

'W 

k^ 

k^ 

•w 

<W« 

k^ 

o 

a 

a 

X 

o 

o 

cz 

a 

.s 

-S 

■JJ 

-C 

3 

s 

' — ' 

*— - 

*— ' 

k— » 

•w 

k^ 

k-»- 

•k^ 

V. 

Vs 

(M 

r\i 

r\J 

rsj 

C\J 

'■•sj 

og 

A 

>;( 

if 

it 

if 

a 

>!< 

>!« 

«!< 

if 

if 

if 

if 

-~k 

--k 

fO 

m 

rO 

m 

kT 

<r 

•kT 

-T 

•• 

•» 

-• 

«• 

<k 

m 

«» 

«k 

t\j 

(M 

(M 

CM 

CNJ 

f\J 

PN) 

CNJ 

>w» 

k"-' 

k— ^ 

k— 

k^ 

k.^ 

•kk>r 

UJ 

CG 

Q 

UJ 

o 

3 

3 

a 

f 

n- 

-r 

•h 

-r 

4* 

-t- 

*— * 

*— k 

<— k 

— k 

r-k 

— k 

— •» 

— k 

— k. 

«-k. 

—k 

. — . 

f-H 

•“H 

•-H 

w- 

k— » 

' — ' 

k^ 

k^ 

k^ 

a 

a 

o 

a 

a 

o 

o 

o 

3 

:£ 

1 

CNJ 

-T^l 

.'0 

.-o 

PO 

<r 

<T 

UN 

sTl 

— * 

k— ■ 

k^ 

k.^ 

- 

u 

Cj 

o 

3 

u 

3 

u 

■j 

u 

IZ 

z 

.s 

IS 

2 

C 

•— ■ 

k— 

k— 

w> 

k^ 

k^ 

k«« 

kW 

'% 

\ 

Vk 

r\r 

t'\J 

\NJ 

rg 

fsj 

CNJ 

rg 

.'NJ 

»K 

* 

>;< 

if 

>:< 

if 

if 

if 

>Jc 

V 

if 

if 

if 

if 

-“k 

*— k 

. — . 

— k 

— k 

— k 

fNJ 

c^. 

— k. 

■m 

— • 

nJ* 

—k 

kT 

n3* 

--k. 

kj" 

■ — • 

■» 

— • 

•k 

— k 

•« 

— k 

•k 

--k 

fk 

•k 

•k 

•k 

',n 

<r 

sj* 

•— H 

r»4 

■n 

m 

t H 

^■H 

•— 

k— ' 

•k.- 

k— ' 

k— . 

k-*> 

»— ' 

k— ' 

k^ 

kkk* 

k-« 

-w 

k^ 

k^ 

^L. 

u 

:G 

CJ 

LJ 

j 

3 

u 

3 

3 

3 

u 

O 

3 

-iJ 

a 

r;'*. 

1! 

11 

i: 

II 

II 

.5 

II 

j; 

II 

5 

11 

3 

II 

3 

1! 

— «• 

1 

1 

— » 

I 

-~k 

I 

I 

. — . 

I 

«>-k 

1 

— k 

1 

-J* 

— « 

— k 

r\j 

ro 

kj- 

r-H 

r\i 

•-H 

CNJ 

•* 

r\j 

•k 

.-o 

»• 

«k 

ro 

m 

•k 

•k 

kj- 

•k 

Ln 

•k 

r\i 

*r*! 

■n 

k— 

rO 

k— . 

■n 

k— 

kt 

•k- 

kj* 

•k- 

UN 

k^ 

UN 

•— 

a 

•— 

□ 

k— 

X 

k— 

o 

k— • 

o 

k-r 

o 

•k-r 

O 

k^ 

o 

k.« 

<Nj 

3: 

og 

IS 

r\j 

3 

<\J 

3 

CNJ 

3 

OsJ 

i: 

(N 

3 

INJ 

3 

CM 

j: 

ji 

•— 

IS 

w 

j: 

■ 

yz 

W 

-S 

*— 

j: 

k-. 

;s 

W 

IS 

(—4 

•“H 

»k-< 

r-H 

^H 

i-H 

LU 


oj:  1— 
o < 

j—  H. 

C to 

a: 

NT 

3 

— • 3 

3 

“T“ 

s:  3 

< 

CO 

3 3 

O' 

3 

3 

1 Ij  t— < 

VI 

Q CO 

3 

5^ 

• 

3 CO 

X ^ 

O' 

rg 

h— 

3 

4* 

o 

3 

CO  CO 

— k 

HH  CO 

> 

cn 

3 

*.«• 

^ 3 

X 

3 

3 

oO 

Q < 

z 

3 

•< 

(O' 

3 

3 

• 3 

3 

if 

OO  -H 

« 

^ ' — 

3 

— k 

s:^ 

U.  3 

•j* 

-J  3 

3 

■'O 

4- 

1—  *-H 

3 

O 

O' 

3 

UN 

— k 

3 h- 

t\) 

< ^ 

3 

O 

•k.- 

MH  U 

3 

• 

X 

3 3 

3 

o 

oO 

U 

if 

3 

3 3 

3 

— k 

12  X 

3 

3 

s\ 

3 > 

3 

k_^ 

if 

rg 

X 3 

3 

3 

% 

1 

X 3 

3 

k— 

vT 

3 

3 

Vs 

■3 

3 

00 

r— . 

4- 

3 

or  3 

3 

f— 4 

un 

3 3 

■k-. 

— . 

kO 

3 2: 

3 

o 

i-H 

» 

KH 

3 

IS 

k-.< 

CO 

CO  to 

1 

X 

•— < 

3 

00 

— k 

CO 

3 

*3 

-5  X >-  G. 


— k 

3 

3 

3 

3 

3. 

m 

k— 

c^_ 

3 

5 

- H 

• 

<wr 

n 

■JN 

nJ* 

CNJ 

3 

CO 

• 

II 

g- 

X 

•k 

•3 

»• 

•* 

S 

3 

00 

II 

to 

• 

f— 1 

• 

• 

S 

i“H 

‘-A 

!l 

1 J 

3 

3 

— k 

UJ 

li 

3 

O 

II 

•o 

o 

1 

II 

1) 

*-k 

3 

• 

□0 

3 

3 

3 

X 

II 

3 

li 

11 

*— « 

“O 

3 

3 

3 

3 

■ 

z 

-—k 

3 

«-ks 

UN 

•• 

< 

X 

(X 

X 

3 

3 

3 

C7^ 

►—1 

3 

k— 

lTi 

3 

3 

3 

3 

PT| 

to 

3 

w 

t 

k_^ 

m 

k«. 

wr 

3 

k— 

o: 

X 

3 

T»" 

z 

CNJ 

3 

3 

3 

-S 

3 

a 

rg 

< 

3 

o 

X 

3 

X 

o 

LU 

X 

3 

3 

l/> 

a 

3 

-S 

> 

3 

3 

3 

3 

3 

3 

3 

4- 

3 

3 

00 

00 

rO 


i_>  O ;J  O O O 


1^9 


o 

•T\ 


M 


~5  — _J 

X 1—0 

— 1/1  _J  LI 

r\i  f-«  LJ  *• 

3:  ■;/  Oi  r-i 

^ II 

I >>  - _J 


— * 

-U 

-J 

— 

X 

*— 

o 

LU 

LU 

LJ 

— . 

X 

qc 

’JJ 

* 

n\ 

‘—4 

— 

O 

(M 

X 

•. 

•• 

*> 

1 

>;« 

— * 

• 

•jj 

m 

— J 

o 

CNJ 

•— 

— 

o 

n 

CO 

LU 

h“ 

LTi 

CO 

C\J 

. — 

CNJ 

in, 

«N 

r\i 

r\J 

*. 

• 

« 

fNi 

fNJ 

cc 

<T 

o 

u 

n 

-L> 

O 

• — « 

■ — . 

C\J 

c\s 

CM 

LU 

rg 

>l« 

f 

-J 

• 

X 

‘J 

•0 

•— » 

i|< 

O 

vO 

o 

o 

o 

— 

o 

LU 

X 

m 

—4 

'i- 

a 

LO 

'.  J 

LU 

‘JJ 

«« 

.U 

4- 

X 

X 

X 

X 

u. 

X 

*• 

-J 

< 

< 

< 

X 

< 

_J 

-J 

-J 

i— 

— 

< 

a 

■— » 

w 

nr 

X 

— j 

o 

X 

'.D 

r ■ ^ 

r— 

Nj- 

X 

uO 

cO 

X 

'O 

X 

X 

X 

■— 

X 

»• 

to 

LO 

'O 

X 

X 

X 

CsJ 

X 

e-M 

II 

• 

— 

H* 

h*” 

^1  — 

1! 

H 

.iJ 

II 

II 

r-^ 

iJ 

X 

X 

X 

X 

a 

X 

"0 

Z) 

II 

X 

□ 

X 

X 

X 

-J 

o 

— * 

— * 

'T^ 

X 

a 

■OD 

-J 

t-H 

-J 

-U 

KU 

*Xi 

UJ 

X 

LU 

... 

•— 

w- 

X 

X 

o 

o 

KH 

OJ 

w* 

►-H 

X 

X 

o 

k-H 

lO 

b 

—1 

X 

U 

5 

OC 

< 

< 

r/ 

a 

X 

00 

o 

o 

ct: 

o 

55 

:s 

J£ 

X 

'X 

JS 

CO  O'  o 

o o <■ 


II 

(/) 

X 

s^ 

X 

L.'^ 

«» 

in 


II 

a: 

X 

'T 

X 

LH 


— * 

n 

• 

m 

X 

fO 

• 

X 

X 

X 

3 

-U 

LU 

00 

#. 

X 

;> 

tn 

II 

rg 

X 

*> 

• 

X 

• 

o; 

m 

3 

cr* 

X 

X 

X 

X 

•* 

LU 

h- 

<* 

X 

X 

X 

rU 

•JJ 

X 

CO 

•. 

•• 

— H 

in 

*. 

in 

O 

vC 

X 

- 

o 

X 

• 

l.'J 

f 

'C 

• 

po 

r" 

ro 

<T 

« 

CO 

— • 

X 

•-H 

oc 

r-J 

X 

lU 

PO 

'X 

'JJ 

X 

rg 

X 

X 

X 

X 

>' 

•* 

iT\ 

:x 

in 

■JU 

II 

*• 

X 

'C 

« 

a» 

o 

o 

X 

o 

h- 

• 

X 

X 

• 

'JJ 

'.  u 

' i 

X 

eg 

,-H 

X 

nj 

X 

X 

u. 

■X 

-r 

•« 

<t 

< 

X 

X 

X 

X 

■X 

(M 

1— 

(— 

«» 

-U 

X 

vO 

X 

>AJ 

'C* 

rU 

f-~J 

CM 

~ 4 

t_ 

h~ 

« 

«« 

m. 

#» 

<■ 

3 

X 

o 

X 

rU 

■X 

o 

o 

}— 

Cj_ 

CL 

—J 

'T“ 

X 

X 

X 

X 

IT 

■u 

X 

•—4 

,—4 

►-4 

r-H 

X 

X 

X 

X 

a 

o 

X 

h— 

h" 

h- 

X 

h*- 

'U 

lU 

X 

< 

c 

< 

< 

< 

ur 

<-T 

X 

X* 

I— 

1— 

a: 

'Z. 

X 

• 

21 

X 

o; 

oc 

(X 

O' 

«: 

O' 

< 

fy* 

3 

a 

3 

r*> 

3 

o 

f"U 

3 

'X 

U5 

.'35 

X 

lU 

X 

X 

X 

X 

X 

X 

X 

.-g 

o 

rg 

tn 

X 

X 

00 

r\J 

rg 

rg 

rg 

rg 

fNi 

I 


150 


X 

«» 

. — . 

— k 

0 

— H 

ro 

no 

*k 

HH 

sT 

•k 

X 

•• 

** 

.—4 

no 

.X 

•<r 

<c 

•k 

>- 

W 

<c 

k— 

P-H 

XI 

X 

> 

*-k 

< 

•k— 

t/) 

*• 

CO 

CO 

0") 

:> 

cc 

_J 

X 

«» 

*. 

»k 

•» 

•k 

r->, 

1— 1 

0 

— k 

no 

— k 

cC 

CO 

u 

uo 

LO 

nT 

no 

•k.^ 

no 

•k 

-c 

X 

•«. 

•>— 

«» 

«» 

X* 

•k 

—k. 

•0 

h- 

LO 

0 

-J* 

rn 

X 

m 

■c* 

0 

>— ■ 

X 

— 

— 

r-H 

k— ■ 

•» 

a: 

OO 

•~4 

cc 

X 

5- 

X 

<r 

Cm 

i— - 

f'.^ 

5. 

X 

•k— 

•* 

•> 

>- 

,L‘ 

*k 

'■  c 

UJ 

— 

—k 

CO 

•k 

— k 

0 

0 

'hJ' 

«» 

-—k 

no 

a 

LLi 

ur\ 

uo 

•k 

■ — » 

('O 

•k 

•k 

h-“ 

■W 

»— 

vt* 

-k 

— k 

K-H 

X 

a 

P-H 

■ — - 

k— 

."0 

•k- 

'J- 

u 

X 

u 

Z! 

k— 

cc 

Pk 

£X 

• 

0 

Cjf 

vi? 

<3* 

< 

X 

nT 

k— 

Cs^ 

X 

X 

•• 

■>— 

>- 

> 

z.' 

CC. 

h- 

> 

nT 

CO 

X 

CO 

X 

u 

*k 

•k 

X 

Cl 

a 

• 

X 

0 

s^ 

— « 

— k 

•Pk 

pk 

Zi 

< 

r. 

O'! 

n*) 

•—k 

— k 

H- 

LJ 

ro 

X 

X 

no 

■nT 

—1 

X 

— - 

X 

(\) 

z: 

•k 

X 

h-H 

•* 

*k 

< 

no 

vT 

ijj 

a 

o: 

0 

-«k 

X 

k— 

k.M> 

>x 

'T 

nT 

>- 

>- 

CO 

X 

-j 

X 

- 

*k 

CO 

CO 

o: 

> 

<r 

X 

X 

nT 

<r 

p. 

•k 

r-^ 

CO 

> 

< 

0 

— • 

— k 

Pk 

X 

V— 

uJ 

> 

r-T'. 

no 

X 

0 

00 

CO 

> 

CO 

•k 

UJ 

<r 

UJ 

<L 

•» 

•• 

rr  •, 

r\j 

p> 

Pk 

0 

X 

3: 

ct: 

— * 

— k 

k-' 

<t 

— 

<r 

.-^ 

a 

U 

Cti 

nT 

X 

no 

k— ' 

P-H 

X 

•- 

X 

> 

p> 

c£: 

U. 

i/) 

-r 

t 

>- 

CO 

no 

> 

< 

X 

— 

CO 

•k 

CC 

-J 

Q 

X 

X 

> 

•k 

— . 

•» 

1—4 

— . 

»• 

or: 

—k 

no 

'•w> 

— » 

0 

— 

— > 

*» 

pk 

no 

•k 

•<r 

-J 

0 

zr 

. — . 

<00 

z 

pk 

< 

X 

h~4 

• 

-O 

nJ* 

5. 

k— 

X 

<r 

a 

3 

*o 

** 

»k 

X 

UJ 

— » 

<r 

X 

f-o 

<I 

v'*[ 

<k 

('V' 

k— 

CC 

:x 

<l 

«— 

— 

>- 

> 

— k 

> 

X 

Z5 

O) 

h" 

(M 

o> 

CO 

CO 

no 

a 

J. 

c 

< 

<d: 

.i* 

•• 

•k 

pk 

<k 

Pk 

u 

■ — ■ 

,-k 

no 

CO 

►-4 

•k 

— k 

no 

no 

•k-- 

•kd" 

kj* 

< 

L^: 

X 

CO 

>3“ 

■w. 

cO 

Pk 

•. 

q: 

IJJ 

a 

ir 

nT 

p> 

X 

X 

'J’ 

<r 

,;  r\ 

02 

UJ 

<3" 

a 

-n 

*— * 

k— . 

a 

51 

X 

s: 

X 

r.Q 

5: 

cc 

cc 

Cii 

X 

oi 

> 

> 

>- 

X 

> 

iU 

a. 

X 

a 

a 

X 

to 

CO 

UJ 

Cl 

CO 

■H 

f-M 

'~4 

•X 

X 

O' 

kX 

no 

tn 

0 

a 

X 

f-C 

X 

p. 

fk 

pk 

0 

iX 

no 

vO 

0 

0 

r— 4 

X 

0 

Pk 

Pk 

Pk 

■OJ 

0 

0 

nj 

pk 

r— ^ 

vC 

kO 

0 

r\i 

X 

r*H 

rX 

p. 

1 

-— 

— k 

-“k* 

fX 

0 

0 

0 

0 

• 

• 

• 

11 

X 

X 

0 

f\l 

X 

*c 

sT 

ru 

• 

X 

»;« 

'T 

0 

X 

X 

UO 

X 

.ij 

1 

-0 

•f 

CO 

■r 

LiO 

nT 

*— ^ 

X 

■0 

sO 

0 

X 

X 

fX 

X 

X 

r*H 

It 

0 

UJ 

IX 

X 

0 

II 

X 

X 

X 

a 

fOJ 

a 

0 

-no 

a 

< 

•JO 

w 

X 

•—> 

*— 

•k— 

— 

X 

II 

II 

II 

X 

a 

X 

IL 

0 

u~ 

0 

X 

a 

a 

X 

X 

X 

X 

X 

X 

a 

X 

X 

0 

Oo 

0 

X 

CNJ 

no 

UO 

kO 

0 

kO 

vO 

■X 

► -4 

X 

»x 

»"X 

LU 

U 


sO 


0000 


16^  L = 2 

165  V.KITE  CUfPUl  TAPE 


Part  2 - Same  as  in  II 


151 


ro, 

•p 

fH 

P4 


u. 

a 


i/) 


UJ 


LJJ 


CJ 


a 


UJ 

X 


UJ 


< 

Q 

03 


< 

O 


oO 

uiJ 

[- 

t—  • 
uo 

•_)  Z 
■—  UJ 
t—  2;, 
UJ  X 

_j 

O Ul 

< 

^ X 

!X  a; 
UJ 

a < 


•■a. 


I UJ 


• — . 

— > 

2 

h~ 

•• 

•—4 

t— 4 

LTl 

>r 

LT\ 

a 

•— < 

>— > 

w 

*w 

1— ' 

w 

w> 

0 

LU 

'X 

a 

u 

u 

U 

u 

U 

LJ 

'J 

ii: 

jT 

< 

■y) 

< 

t-H 

-J 

+ 

+ 

+ 

4- 

4- 

+ 

4- 

4- 

IL. 

> 

uJ 

•— 4 

:d 

LO 

■ — • 

— » 

■ — > 

— * 

»* 

1“^ 

Ovj 

rn 

CNJ 

^'sl 

»— 4 

21 

X 

u 

— * 

l-H 

►~4 

•—4 

in 

•T 

■vT 

S\ 

t*-4 

<z 

•« 

0 

*— 

— - 

HH 

ro 

-H 

—4 

4 

r-H 

--4 

•-H 

< 

nT 

•— 

— 

•« 

zz. 

z?t 

s. 

'ZZ 

’'J 

> 

•* 

U 

l-J 

r-^ 

— . 

cc 

«— 4 

—4 

H 

i| 

II 

II 

II 

LU 

M 

11 

II 

II 

-J 

11 

II 

•* 

<5 

—4 

r> 

< 

•• 

»— 4 

"5 

< 

— 

2: 

*-* 

> 

•— < 

3u 

r; 

1—4 

<— 4 

>—4 

—H 

1— 1 

vT 

<r 

>T 

V* 

u 

Uf 

p-«4 

r-H 

•• 

r^. 

•* 

•• 

U— 

** 

•• 

*> 

0 

u-^ 

m 

LU 

t— 4 

»— 4 

t-H 

—4 

'J- 

< 

•» 

W 

X 

0 

«— 

w 

0 

— 

««-» 

w. 

•w 

HH 

> 

S3 

0 

CJ 

uJ 

lO 

0 

a 

LU 

0 

ca 

0 

3 

LU 

a 

a. 

33 

a 

o 


-3  “)  “3  -) 


II  II 


jj  -U 
II  II 


O U O 


0000 


PV( I , J ) 
(.V(  I , J ) 
RV(  I , J ) 
SV( I , J ) 
51  CONTINUE 


152 


I 


2: 

UJ 

3 

3 

H- 

u 

< 

^sl 

X 

•-H 

L. 

-J 

r— 

'1^ 

X 

a 

cc 

0 

<t 

<i 

f-H 

UkJ 

u 

LO 

— % 

nT 

•>r 

■C* 

nT 

LU 

a 

«i» 

» 

cr. 

r— 4 

r— 4 

p— ^ 

3 

tl 

11 

II 

II 

LL 

HH 

*-H 

LJ 

-> 

«» 

LU 

a 

CC 

nT 

00 

r. 

•• 

H* 

»• 

r-M 

r-4 

-~T 

0 

H 

li 

II 

II 

LU 

3 

“5 

-L 

•« 

*« 

•» 

Oj 

•« 

cn 

—> 

"5 

—> 

LU 

X 

•» 

•• 

** 

*-H 

>— * 

U- 

w 

w 

'Wl 

-J 

• 

> 

> 

> 

> 

:0C 

CL 

3 

cc 

00 

••r 

LU 

w 

■w> 

•w 

1 

— . 

w 

w- 

— ■ 

cc: 

IL 

LU 

< 

•• 

•• 

•• 

*» 

X 

m 

0 

r^ 

CO 

X 

uO 

ro 

•:o 

CO 

CO 

3 

UJ 

3 

». 

•» 

UJ 

X 

o 

0 

0 

0 

X 

< 

> 

UJ 

LU 

loJ 

LJ 

CL 

CL 

G- 

CL 

lU 

0 

< 

< 

< 

< 

DC 

X 

H- 

h- 

h— 

f— 

< 

M 

-H 

u. 

•— 

1— 

« 

-U 

■3 

Z> 

3 

3 

0 

< 

Cl 

Cl 

X 

Cl 

H" 

2T 

— 

r— 

i— ■ 

X 

X 

Z> 

3 

3 

3 

3 

• 

a 

0 

CJ 

0 

»» 

< 

oO 

ci 

ijj 

ILJ 

LU 

LJ 

liC 

a 

a 

u. 

... 

u. 

1— 

HH 

X 

u 

C£! 

DC 

GC 

DC 

> 

X 

IS 

> 

'T 

>w” 

nT 

>3" 

*» 

«» 

•> 

*- 

t— ^ 

-H 

II 

II 

M 

!| 

»—4 

k— « 

•* 

•*■ 

»> 

*• 

— * 

Nj* 

<T 

vT 

•* 

•» 

•> 

•> 

•-H 

f-J 

f— ^ 

•• 

II 

II 

II 

II 

r— H 

'O 

“0 

11 

•• 

•* 

•* 

•* 

— 

•» 

— 

“5 

-0 

-0 

— H 

X 

^'J 

LU 

X 

*> 

•* 

»> 

•• 

1C 

0 

0 

0 

0 

1— 1 

«— j 

— 

< 

■< 

< 

•jc 

w 

CC 

oC 

CC 

cc 

C3 

0 

ca 

X 

> 

k— . 

X 

>— 

X 

3 

cc 

00 

•> 

»■ 

•» 

— 

*— 

— ' 

uC 

DC 

CiC 

rc 

UJ 

W,.' 

lU 

U‘ 

r— 

1— 

H- 

h- 

•• 

•* 

*• 

•» 

O' 

0 

1— < 

sO 

fs« 

X) 

or 

3 

*> 

- 

*> 

O' 

C7" 

c> 

CJ' 

m 

m 

..J 

0 

X 

X 

X 

'-Tf 

CC 

00 

r. 

•«• 

•• 

•* 

•• 

•« 

•» 

*. 

vO 

vO 

0 

'O 

0 

0 

DC 

cc 

oc 

> 

> 

> 

iU 

iU 

LU 

X 

X 

IU 

X 

''Jf 

DC 

00 

X 

CL 

X 

X 

X 

X 

•• 

- 

< 

< 

< 

< 

< 

< 

r—  h—  f—  H-(— 


t— • — < 


'T 

"0 

— ■ 

— 

— 

— 

sT 

>. 

'— 

V— 

«. 

•k 

> 

;> 

> 

•— H 

k— t 

3 

3 

3 

3 

•k 

w 

■ — ' 

3 

3 

r-^ 

X 

3 

cC 

00 

CD 

CD 

X 

3 

X 

X 

X 

X 

r-J 

cc 

cc 

cC 

cc 

X 

X 

II 

II 

3 

3 

w 

3 

»— 

— 

3 

II 

J> 

> 

:> 

> 

u. 

—) 

— H 

II 

II 

II 

II 

X 

LJ 

3 

3 

3 

3 

3 

3 

3 

IC 

X 

3 

-/• 

00 

'.jj 

3 

3 

r 

3 

< 

<L 

< 

< 

Q 

O 

3 

0 

+ 

II 

II 

if 

II 

3 

3 

a 

O' 

O' 

. — . 

X 

-0 

“5 

0 

2 

0 

0 

CT' 

2: 

2: 

j.':C 

2: 

•C, 

X 

X 

3 

X 

CO 

x; 

jC 

1C 

IC 

IC 

’— ' 

X 

LU 

CM 

w 

— ■ 

w 

X 

3 

3 

3 

H- 

3 

3 

»n>4 

•*— 

•— * 

' — 

3 

3 

II 

II 

cc 

QC 

CC 

cc 

~7^ 

X 

3 

3 

3 

l-H 

►-H 

0 

II 

CC 

cc 

cC 

cc 

2 

»~4 

K-4 

Z) 

X 

> 

> 

> 

> 

0 

< 

< 

< 

< 

CC 

CC 

CC 

DC 

II 

3 

> 

> 

> 

> 

0 

cc 

cC 

a 

CJ 

-cC 

X 

3 

cc 

00 

'3 

0 

3 

3 

3 

US 

IS 

a. 

3 

•z. 

X 

3 

cc 

oO 

0 

UK 

O 

X) 


•Ji  ' J O O O 


O' 

■J' 

r\J 


155 


'-U  <-t, 

00  h- 

LU  UJ 
■X.  03 

a, 

LU  Cl 

a: 

< 

2: 

< 
o c 

^ CL 
^ -J 


^ LXJ  • 
-J  ‘.0  JJ 

«-l  2: 


CO 

f\l 


O 

C> 


C' 


< 

> O' 
— vO 


r\j  o 


— 

- 

Ld 

"0 

— 

3jt 

00 

<r 

'T 

•T 

3d 

CL 

X 

<3 

c 

<x 

CL 

*• 

•» 

•* 

•• 

*- 

*• 

LU 

X 

CL 

• 

3 

rH 

*—t 

r-4 

f-H 

■ 1 1 1^ 

*> 

lU 

11 

II 

II 

II 

II 

II 

It 

• 

: J 

-U 

>K 

-1- 

,^0 

21 

\y 

iai: 

3d 

3d 

3d 

3d 

»-4 

CO 

3 

-d 

U 

•» 

- 

•• 

•» 

•«■ 

•« 

00 

CO 

0 

< 

1 

— » 

CL 

0 

3 

1 

•• 

(J^ 

> 

<. 

\xL 

LiC 

3d 

3d 

3d 

3d 

a: 

•U 

< 

O'! 

''C\ 

TfA 

3 

w 

w> 

w 

w 

00 

< 

a 

3 

•*- 

0 

CU 

c 

(C 

cc 

f-d 

X 

rd 

r— 

fU 

< 

t 

*L 

> 

> 

> 

> 

*> 

> 

:> 

c 

3 

> • 

:> 

^ "4 

•> 

< 

a: 

00 

0_ 

* 

I*'/' 

00 

!U 

3-C 

c 

* 

3 

3 

w> 

w> 

w 

<w 

«— » 

00 

3 

1 

1*1 

• 

lT> 

1 

, f 

LL 

«K 

•• 

•• 

•. 

*> 

•> 

•» 

Cd 

LL 

<J 

*» 

7> 

U 

^■4 

0*N 

0 

Aj 

m 

a. 

LiJ 

3 

rf) 

—4 

C\) 

1 

a 

0 

0 

— 

0 

0 

0 

0 

LU 

3 

0" 

lO 

m 

ro 

3d 

:d 

:d 

3d 

Ln. 

nT 

Cd 

3 

0 

L/) 

♦ 

T-U 

<z. 

0 

H- 

W 

■— 

w 

— <■ 

'— 

■ — • 

>• 

*d 

h— 

• 

> 

CT' 

»d 

•• 

•* 

•* 

•u 

a 

o 

c 

u 

i_J 

-U 

- 

•• 

•• 

-0 

< 

— * 

JK 

'-U 

sO 

sO 

nO 

3; 

3: 

'3: 

3: 

33 

'jS. 

3T 

0 

<o 

<} 

LU 

00 

LU 

sK 

m 

2o 

i- 

*• 

ZL 

)— 4 

' — ■ 

■~4 

* 

LU 

LU 

LU 

LU 

I 

1 

1 

1 

1 

I 

1 

1 

JJ 

'..U 

liJ 

LU 

3 

V— 

JJ 

»> 

1— ♦ 

0 

3 

a. 

Ou 

Cu 

CL 

X 

CL 

- ^ 
<_ 

u 

'21 

3 

ru 

*. 

CvJ 

LU 

< 

< 

< 

— » 

— % 

— * 

— • 

— - 

— 

< 

< 

••I 

<z 

UJ 

3 

•*- 

OsJ 

. — . 

• 

h- 

u- 

3d 

3d 

3d 

3d 

nJ* 

-r 

H- 

h“ 

L.i 

•• 

L/) 

< 

< 

3 

LL 

rr, 

— ■ 

w- 

— « 

«— 

—• 

w 

•w- 

3 

UJ 

3L 

> 

<C 

•> 

3 

h- 

— 

0' 

X 

X 

X 

X 

X 

— 

1— 

u- 

— 

n 

ra 

‘~d 

3 

1 

0> 

OJ 

t 

C 

3 

_3 

> 

> 

> 

_■> 

> 

> 

> 

0 

0 

C 

JD 

< 

cu 

CL 

ro 

H 

«— 

CN 

3 

O. 

CL 

a 

•» 

CL 

■3 

cd 

00 

CL 

Cjf 

cd 

00 

a. 

Cu 

CL 

CL 

X 

LU 

z: 

•» 

11 

11 

*> 

<. 

3 

1 

•» 

— 

— 

r- 

— - 

— . 

h~» 

1— 

uu 

X 

3 

—4 

r—4 

0 

rU 

'D 

J3 

II 

H 

II 

ii 

M 

LU 

11 

II 

M 

11 

D 

d) 

3 

< 

3 

11 

II 

3 

LU 

r- 

It 

II 

'C 

0 

0 

3»C 

C 

U 

0 

a 

O 

> 

eg 

L- 

)—4 

“0 

(K 

3 

< 

t—4 

— H 

< 

><--4 

z: 

3 

CNJ 

LU 

IXJ 

LJ 

vT 

3d 

3d 

3d 

3d 

>T 

>r 

-U 

■-U 

-U 

UJ 

LL 

< 

3 

3 

L"\ 

•*«H 

3 

U"\ 

*» 

>— 4 

3 

< 

0 

U-. 

•— 

UO 

— ' 

■w 

— 

■— 

*w 

— 

1-* 

u» 

;— . 

3 

CL 

3 

.0 

< 

r\i 

■r\ 

3 

3 

L— 

u) 

OsJ 

uo 

'X 

X 

X 

z: 

X 

X 

X 

X 

►-H 

MH 

h<u 

UH 

CL 

< 

0 

3d 

3d 

ZT 

3 

3 

0^ 

CjC 

cC 

3 

> 

> 

> 

> 

a 

> 

> 

> 

> 

X 

Cd 

rd 

Cd 

> 

< 

3 

o 

>- 

> 

a 

>• 

< 

3 

< 

>- 

3 

jZ 

3 

a. 

Of 

Cd 

00 

0 

CL 

a 

Cd 

00 

JZ. 

:< 

.£ 

LO 

3d 

rU 

< 

3 

oO 

00 

3 

00 

> 

0 

3 

00 

3 

■0 


■T 

J•^ 


!i^ 


o a a u o 


000 


15^ 


_1 

cO 

h- 

qC 

UJ 

sit 

+ 

CO 

— - 

• 

Cl 

»— 1 

vO 

LU 

U 

CT' 

z 

rvi 

r— 4 

t—4 

1 

cc 

JO 

CZ 

>- 

o 

< 

• 

CL 

H" 

ir\ 

> 

CNJ 

o 

• 

a: 

• 

LU 

—1 

z? 

1 

r-4 

-iH 

o 

H 

-5 

UL 

CO 

U- 

CNJ 

•» 

u 

< 

1 

• 

-o 

ro 

QJ 

r~< 

»• 

nT 

O 

r\j 

r~A 

CO 

< 

O' 

iL 

a: 

CO 

—■ 

> 

bZ 

0- 

< 

< 

it 

o 

JJ 

> 

't 

m. 

> 

<r 

z: 

CO 

« 

CSJ 

it 

00 

•— • 

• 

•» 

3 

o 

CO 

w 

— * 

CNJ 

•b 

o 

'JJ 

O' 

o 

fc-4 

CO 

< 

t-H 

p’l 

t\i 

it 

z. 

H- 

O' 

> 

«> 

o 

««— 

»—« 

'—• 

• 

00 

ro 

< 

it 

ro 

• 

< 

QC 

CO 

o 

• 

w 

w 

r~4 

> 

r. 

Cl 

2! 

cz> 

< 

tu 

l-H 

< 

cO 

>;< 

ro 

< 

> 

“4 

«: » 

•» 

> 

~u 

•— 

w 

Z) 

»~4 

w> 

a 

fNJ 

< 

L- 

«• 

<— * 

1 

< 

1 

w 

1 

■JJ 

r- 

f\j 

> 

u. 

CO 

> 

c 

< 

ro 

>K 

CO 

CO 

— 

m 

uo 

uO 

> 

Q 

— 

ro 

LU 

't 

• 

CO 

• 

1 

< 

o 

t— i( 

zc 

> 

<c 

i:. 

+ 

o 

< 

> 

• 

»b 

a 

zc 

> 

•» 

<l 

*;» 

Q 

rH 

ro 

3 

+ 

'■H 

— 

CD 

-*- 

»!* 

CL 

3 

1 

*0 

—> 

2: 

■ — ^ 

U- 

CL 

UD 

U- 

9» 

< 

CO 

"0 

> 

a 

C ) 

CO 

CO 

:> 

cz- 

CO 

CNJ 

•Z 

r-4 

X* 

«b 

t 

) t ! 

o 

w 

r-4 

CCJ 

W 

nJ 

o 

C\ 

1 

CO 

CO 

-z 

o 

r«- 

1 

CO 

r-^ 

<c 

<I 

cO 

r-H 

ro 

'~- 

H- 

h- 

a 

• 

'0 

> 

►— 

• 

f— 4 

> 

> 

• 

O' 

< 

vO 

•jy 

1 

o 

t 

»;< 

• 

r-H 

• 

it 

iZ 

rM 

• 

> 

CO 

•JJ 

uJ 

< 

o 

— . 

-o 

Ijj 

ll« 

.-4 

— - 

:i 

>|t 

•—4 

it 

r— 4 

z. 

z: 

i3 

z; 

*K 

t-H 

* 

I— 

LA 

LU 

UJ 

CO 

• 

LU 

IN 

•« 

V 

UJ 

r-» 

• 

-Z 

3 

2- 

*• 

CNJ 

f\j 

'■H 

ro 

r* 

•* 

O 

LU 

3 

<X 

CM 

•» 

* 

LiJ 

r.j 

•» 

w 

:u 

CM 

f\J 

»5* 

3 

C\J 

< 

*.N^ 

rsj 

< 

<; 

r\i 

CO 

-J 

•‘X 

w 

> 

"0 

a. 

< 

w 

> 

> 

LL 

< 

3 

3 

> 

<c 

1 

•* 

u 

> 

<x 

1 

t 

< 

> 

** 

JC 

< 

3 

t 

> 

1 

:> 

1 

>- 

OJ 

1-1 

CO 

II 

• 

ro 

II 

CT' 

■Z 

CO 

ro 

II 

CO 

LU 

• 

rO 

ro 

II 

II 

«« 

< 

a 

r\J 

IN 

l| 

II 

•* 

• 

-3 

•• 

It 

II 

< 

UJ 

a 

U 

o 

;> 

h-i 

rH 

-*H 

:o 

K-< 

f-4 

Ci 

*~4 

r*4 

*— 4 

II 

>x 

LU 

f— 

II 

II 

— 

II 

“> 

»■,<  JJ 

H* 

11 

— * 

II 

“5 

it 

u 

CL 

3 

— 

II 

II 

II 

HH 

”> 

< 

1— 1 

»— 1 

*-H 

“) 

Z? 

< 

-H 

►—4 

■— t 

*0 

•» 

z? 

LU 

< 

< 

t— 1 

“0 

w 

w 

'■fZ 

-j 

-0  .2 

«~- 

a: 

L- 

3 

0? 

CNJ 

nO 

w 

•» 

*~4 

z? 

CJ 

o 

i:. 

o 

w 

••  l*-H 

D3 

—4 

CnJ 

z: 

f*^ 

-— 

•» 

— 

3 

3 

On 

(NJ 

('vj 

< 

r\j 

00 

:2: 

CO 

t— 

o 

o 

'T^ 

o 

z: 

ro  i— 

O 

o 

r— 4 

-o 

ro 

h" 

»— 4 

u— 

O 

«-H 

CO 

■~7^ 

<t 

_J 

< 

-J 

"Z. 

a3 

iC 

«— 

ZT 

2C 

3 

2l 

> 

> 

a 

> 

< 

o 

< 

> 

CD 

>■ 

> 

o 

> 

< O 

< 

a 

> 

> 

CD 

> 

<X 

Cj 

-J 

cO 

< 

3 

a 

o 

CO 

CO 

CT 

> o 

o 

lO 

Q 

VI 

m 

a 

CO 

> o 

O 

Z3 

lO 

i/) 

CJ 

CO 

> 

O 

JJ 

O 

r- 

3 

3 

vO 


O -H 

o o 


o o o 


o o a 


o o o o o o 


ELMiPQ(i,JJ  = P0(  I , L ) < ( GC ( J , L)*SYKL ( 1 , J ) + QC ( A , L ) * SYKA 1 { I ) ) 
iPB(A,L)<-(GC(  J,L)^SY3  2L(  J)  ) 

TLMIPQ  ^ TLf’iPG  + ELMPG(l.J) 

72  COrniNUE 


155 


< 

>■ 

>;«  csi 
< 
-J  .Xj 
^ :0 

<r  > 

^ O') 

-u 

C/O 


CD 

-J 

> 

00 


nT  > 
w OO 
¥ 


' — “ 

K-. 

*D 

LU 

"5 

a 

*- 

oO 

•- 

a 

►-H 

*}< 

K-H 

-*> 

-2: 

_J 

ZL 

a 

•• 

1 

•" 

>• 

> 

G/O 

*— 

>K 

CO 

a 

— 

a 

■ — • 

-J 

a 

G'O 

IK 

-f 

—> 

CO 

a. 

"0 

5 

"O 

•• 

a 

l-H 

— 

■— K 

'.jj 

LU 

W 

;u 

a 

K-- 

LU 

OO 

"0 

00 

a 

”0 

a 

yi. 

CD 

K- 

a. 

a 

' — 

a 

a 

1 

r*H 

1 

»;< 

a 

•~( 

1 

< 

— K 

CNj 

a 

< 

— • 

.-H 

a 

< 

' 'i 

-J 

■:X1 

-J 

o 

a 

a 

ra 

CO 

•• 

> 

LU 

CO 

»• 

>* 

lU 

CO 

uo 

a 

H— 

CO 

a 

< 

>K 

+ 

c 

W 

>!< 

+ 

c 

-J 

uO 

— * 

-J 

a 

•—> 

a 

a 

-J 

oo 

— if 

a 

'V’ 

LU 

•» 

a 

a 

a 

U 

ti 

■0 

CO 

II 

a 

■V 

S-- 

a 

* m i'O 

gU 

a 

• ,-o  on 

a 

a 

yi 

Q 

O ^ p, 

U*) 

I— 

CO 

c: 

H* 

d 

► -H 

f-H 

K 

r-i 

•- 

r-^ 

■ i 

. 4 

II 

11 

II 

I 

II 

‘H 

H- 

II 

II 

II 

1 

II 

. 1 

L.*. 

II 

11 

II 

•-H 

*o 

W 

a 

►— 1 

“O 

a 

►-<4 

-0 

_j 

CO 

CO 

a 

CO 

-TP 

a 

a 

a 

a 

1-^ 

a 

CO 

:;3 

a 

m 

a 

«» 

a 

K- ( 

a 

a 

■'T 

a 

• 

O' 

—4 

a 

o: 

un 

un 

o 

-a 

r- 

n- 

'J" 

“H 

a 

— H 

r- 

^ 

<r 

—4 

a 

kU 

r^ 

_j 

a 

51 

*— 

X 

a 

a 

X 

•— 

ir 

a 

X 

'■J! 

a 

o 

O 

a 

CD 

a 

a 

< 

a 

a 

O 

a 

a 

a 

a 

< 

a 

a 

O 

O 

a 

a 

a 

a 

H- 

a 

a 

h- 

a 

a 

a 

a 

1— 

a 

a 

a 

a 

m 


>r 

r- 


u o o 


o o o 


o u o 


u a 


ELM1kS{-,J)  ^ RD  { 1 , L ) * ( SE  ( J , L ) i^SYHN(  I , J ) + SE  ( A , L ) *S  YMA2  ( I ) ) 
1RD(4  ,L  ) ^ I St  ( J,  L ) ^^SYblN(  J ) ) 

TLM1R5  = TLPiRS  + ELI^lRSCIjJ) 

75  CONFINLE 


156 


cC 

or  5: 


+ 

<T 

X 

51 

0- 

— 

— J 

X 

Q_ 

0 

X 

•* 

CO 

f— « 

CO 

► 

32 

a; 

CO 

-J 

pH 

-H 

cr. 

>- 

iu 

d 

pH 

PH. 

PH 

PH 

-J 

• 

51 

3 

3 

3 

* 

-H 

Q. 

<N 

X 

• 

• 

• 

CQ 

H 

X 

Lf\ 

d 

nT 

p— W 

X 

_r 

•H 

rH 

pH 

*• 

*.C 

"C 

-n 

•c 

Uj 

Uh 

X 

nT 

> 

Cu> 

hH 

X 

X 

sT 

>T 

3 

— p 

CO 

*H 

cr- 

X 

X 

X 

Q 

>;< 

5. 

d 

p-^ 

X 

*> 

H 

pH 

pH 

Qi 

— * 

_J 

X 

0 

CO 

cz 

PH 

X 

X 

X 

<■ 

Q- 

< 

• 

'X 

3 

X 

X 

X 

X 

3 

3 

d 

+ 

*> 

-H 

I'si 

-H 

pH 

X 

X 

X 

X 

• 

• 

• 

'C" 

3 

pH 

3 

51 

0 

0 

3 

3 

i-n 

d 

in 

•— 

CO 

X 

H- 

fy: 

X 

rH 

rH 

a 

Cl 

m 

LL) 

a. 

d- 

■d 

LP. 

in 

X 

iU 

lU 

*»> 

rH 

X 

X 

IZ 

X 

-H 

H 

pH 

-H 

<- 

>r 

sf 

t— « 

>:< 

5J 

X 

pH 

JJ 

d 

■x 

X 

IX 

UJ 

X 

X 

X 

— » 

-J 

cc 

X 

X 

s;0 

>7 

•sT 

•4* 

pH 

-H 

rH 

:i- 

•c* 

O- 

X 

3 

3 

O' 

•• 

*• 

X 

X 

X 

-j 

•• 

a 

d 

t 

;X 

•. 

X 

X 

X 

X 

3 

3 

3 

>- 

1— 1 

rvj 

)pH 

CO 

pH 

r-H 

pH 

r~H 

• 

• 

• 

uO 

■UJ 

1— . 

pH 

X 

X 

X 

X 

X 

X 

id 

U-> 

d 

*.■< 

0 

uu 

0 

P-* 

f— . 

— * 

• 

X 

CL 

pH 

X 

X 

X 

X 

pH 

H 

rH 

3 

pH 

< 

X 

X 

X 

X 

0 

ro, 

3 

51 

p-« 

r— 

-H 

J.J 

X 

X 

'T 

5. 

O' 

X 

X 

X 

X 

pH 

X 

U 

X 

-5 

*0 

“0 

*0 

<J“ 

nT 

<r 

•• 

-t- 

-J 

►— 

0 

UD 

d 

■3 

X 

pH 

'3 

X 

•K 

•« 

•« 

X 

X 

X 

“3 

•i. 

a 

CCl 

• 

• 

• 

• 

X 

X 

WH 

I-H 

►-H 

pH 

H 

pH 

.-4 

3 

LO 

;.n 

10, 

d 

CO 

•0 

U-. 

'•0 

S-- 

•— f 

HP 

HH 

X 

X 

X 

22 

CO 

p"H 

rH 

pH 

pH 

X 

• 

p-rf 

V* 

C2 

X 

a 

U .! 

'42 

m2 

3 

"0 

OC 

uo 

JJ 

U 

U-1 

UJ 

(M 

C2 

ijs 

1 

• 

• 

• 

— 

0 

0 

JJ 

sT 

nT 

>T 

sT 

3 

rH 

cc 

•f 

1 

1 

1 

1 

m 

d 

d 

c- 

pH 

f-H 

X 

X 

X 

X 

LJ 

X 

0 

3 

fpp. 

-p- 

-p. 

rH 

pH 

»— < 

pH 

1 .. 

3 

m 

r> 

X 

1 

CL 

"-y 

-o» 

X 

JJ 

X 

<T 

<c 

-J 

•• 

•* 

Li- 

X 

X 

X 

X 

X 

fH 

<*. 

•• 

nO 

<r 

s7 

- 

> 

UJ 

0 

LJ 

X 

X 

X 

X 

X 

pH 

HH 

IX 

— 

H.I 

•— t 

I-H 

H-l 

X 

X 

X 

00 

OJ 

r\j 

r\j 

rv^ 

02 

CC 

a: 

TZ 

UJ 

X 

X 

X 

0 

w 

HP 

HP 

H 

rp*^ 

pp4 

»— ■ 

>;< 

+ 

>>! 

•if. 

»!< 

>!« 

•i* 

i:j 

.U 

X 

> 

> 

o> 

> 

0 

<z 

cO 

Cl 

* 

> 

> 

> 

2> 

X 

X 

X 

u 

>:< 

Co 

Cl 

JD 

■a- 

3 

oc 

CO 

:> 

X 

d 

(Pi 

3 

(.0 

X 

> 

> 

C? 

C;C 

oO 

CO 

3 

0: 

< 

r--< 

” 

X 

X 

X 

r-^ 

X 

X 

0 

'H 

X 

X 

X 

X 

/p. 

3 

cz 

3' 

O- 

3 

0: 

a. 

CJf 

<— 

, — 

X 

r''. 

m 

ro 

m 

<r 

f-H 

X 

O' 

X 

X 

1^ 

d 

3 

d 

X 

T“ 

X 

II 

<■ 

r-H 

f*H 

r-"< 

-H 

p-H 

• 

rH 

ro, 

OJ 

<r 

in 

r-H 

iH 

pH 

H 

r J 

P's! 

■ru 

V 

5: 

• 

ro, 

m 

.3 

-J 

-J 

_J 

-J 

-J 

3 

3 

pH 

0 

0 

0 

0 

rH 

pH 

0 

3 

0 

0 

0 

0 

0 

0 

0 

0 

o 

•k 

•. 

o' 

1— 

U- 

H* 

1— 

c- 

Cl 

CL 

la 

X 

X 

X 

X 

~r 

X 

X 

X 

X 

X 

X 

X 

X 

X 

J-. 

*• 

■*— 

— 

H» 

-H 

>-H 

p-H 

-H 

r~M 

W 

p-H 

rH 

■-H 

pH 

pH 

-H 

r*H 

fH 

r»H 

pH 

p-H 

H 

11 

II 

M 

>— < 

>:< 

II 

UJ 

II 

II 

II 

11 

M 

3 

3 

U.J 

hH 

w. 

'P.f 

— p 

-wf 

— f 

w> 

f—r 

f 

HP 

HP 

-w 

•D 

W 

3 

0 

0 

3 

X 

CC 

o: 

«-./ 

CO 

OC. 

CO 

3 

0: 

,'3^ 

LL) 

h- 

H- 

U— 

u- 

H- 

L- 

H- 

X 

r— 

h“ 

X 

r— 

HP 

h- 

h~ 

Up 

c? 

O 

d 

CJ» 

•• 

CjJ 

►—1 

a. 

3 

.oi: 

a. 

C? 

UJ 

LU 

I-H 

< 

C 

c 

< 

< 

<z 

<C 

< 

< 

<j; 

< 

•-H 

< 

<I 

<r 

K- 

<r 

>d" 

nT 

H” 

f-H 

■sT 

h~ 

L- 

f— 

-J 

51 

5Z 

X 

5C 

X 

s. 

X 

51 

X 

5. 

ri. 

51! 

2l 

51 

51 

2; 

•W 

s: 

s: 

2c 

51 

a. 

MH 

»ppi 

z: 

— J 

r< 

cs; 

q; 

OC' 

cx: 

a 

q: 

H 

li 

a; 

rZ 

cZ 

■H 

c-.: 

ci: 

3 

a 

-j 

0 

-J 

0 

-j 

-J 

3 

3 

-J 

rC 

cc 

a 

< 

a 

3 

0 

a 

3 

3 

3 

p-^ 

3 

3 

X 

0 

3 

X 

a 

0 

3 

22 

Q 

Q 

uJ 

3 

f— 

0 

a. 

Cc 

O. 

a. 

G- 

3i 

3 

0 

0 

-u 

■0- 

LU 

lu 

X 

X 

X 

X 

'X 

X 

^ X 

X 

X 

X 

X 

X 

X 

X 

i-H 

f-H 

0 

0 

O' 

0 

»H 

C\J 

m 

0 

sT 

C\J 

m 

si- 

uo 

0 

rH 

C\J 

m 

d 

3 

r- 

0 

‘O' 

0 

0 

0 

0 

H 

f-H 

rH 

pH 

3 

0 

0 

0 

0 

0 

d 

CO 

CO 

ro. 

rO 

HO 

ro 

ro 

rH 

pH 

p-H 

pH 

pH 

pH 

157 


a 


o 

<x 


— * 

. — . 

— ■ 

ry' 

o 

o 

vD 

vO 

r-» 

• 

• 

t 

• 

• 

CO 

•-n 

LO 

un 

3 

1— ^ 

-H 

LO 

■-U 

M 

i j 

U.‘ 

Jj 

sT 

nT 

<• 

>T 

3 

X 

X 

X 

X 

X 

3; 

1-^ 

r— j 

•—4 

fH 

•V. 

X 

X 

X 

LJ 

vO 

<3 

o 

o 

DC 

• 

• 

t 

• 

• 

UJ 

LH 

LO 

LT\ 

•s\ 

u_ 

t—^ 

r-*< 

r— ^ 

lU 

LU 

LU 

LU 

lU 

LU 

CO 

'J- 

nT 

'C 

'T 

<r 

X 

X 

X 

X 

X 

•« 

r—H 

-u 

■3 

X 

X 

X 

X 

O 

^•0 

o 

O 

<3 

• 

• 

• 

• 

• 

cc 

(X 

m 

ir\ 

Ln 

t.u 

‘JJ 

(-H 

f-H 

»-a 

1— a 

a 

CJ 

UJ 

UJ 

.u 

LU 

lu 

cx 

-y' 

nT 

'C* 

-r 

vT 

X 

3 

X 

X 

X 

X 

X 

LLJ 

X 

X 

X 

X 

X 

i-ti 

lUJ 

o 

•sO 

o 

nC 

x> 

0 

u- 

LU 

U- 

LO 

LPi 

.n 

Ln 

ir\ 

LU 

<i 

r-^ 

(— H 

f— 4 

f— 

*-H 

CO 

LU 

lU 

aJ 

Lu 

LU 

• 

vT* 

sT 

■t 

,,-r 

• 

X 

•O' 

X 

X 

X 

X 

X 

0 

X 

< 

r-H 

1-H 

f-H 

i»^ 

< 

0 

f— ^ 

X 

X 

X 

X 

X 

f— H 

• 

0 

> 

C3 

o 

CO 

-U 

CO 

un 

nr 

0. 

a 

LO 

J- 

m 

~r~ 

X 

X 

X 

*17 

r—A 

jj 

<r 

ru 

C'J 

r<j 

!NJ 

nj 

r\i 

>r 

** 

•> 

f* 

*. 

*<i 

0 

o 

o 

o 

o 

0 

r— 4 

0 

X 

X 

LU 

X 

X 

X 

X 

r-H 

f— » 

^-A 

.—4 

r-« 

h“" 

h- 

H- 

h- 

<x 

< 

< 

< 

< 

< 

< 

21 

21 

21 

2. 

x; 

a: 

a: 

X 

ruC 

Ol 

oc 

CX 

o 

o 

o 

X 

3 

3 

w< 

U. 

'X 

u- 

u. 

U. 

CO 

u^^ 

vO 

X 

CO 

0 

<N 

X 

O' 

(7> 

■O' 

O' 

0 

0 

nj 

CNJ 

BIBLIOGRAPHY 


1.  J.  S.  Griff itH,  "The  Tlieory  of  Transition  Metal  Ions," 
Cambridge  University  Press,  1961,  chapter  5. 

2.  J.  H.  Van  Vleck,  "Electric  and  Magnetic  Susceptibili- 
ties," Oxford  University  Press,  1932,  chapter  2. 

3.  B.  H,  Figgis,  "Introduction  to  Ligand  Fields,"  Inter- 
science Publishers,  New  York,  1966. 

4-.  R.  0,  Stoufer,  D.  V.  Smith,  S.  A.  Clevenger,  and 
T,  E.  Norris,  Inorg.  Chem. , 1167(1966). 

3.  H.  M.  Fisher,  Ph.D.  Dissertation,  University  of 
Florida,  1966. 

6.  P.  Langevin,  Annales  de  Chemie  et  Physique  (8), 
70(1905). 

7.  P.  Curie,  Annales  de  Chemie  et  Physique  (7)»  5»  289 
(1895). 

8.  B.  N.  Figgis  and  R.  S.  Nyholm,  J.  Chem.  Soc. , 195^ < 12. 

9.  D.  H.  Busch,  "Cobalt,"  Ed.  by  R.  S.  Young,  A.C.S. 
Monograph  Series,  Reinhold  Publishing  Co.,  New  York, 
I960,  chapter  6. 

10.  L.  C.  Jackson,  Phil.  Trans.,  22'4-,  1(192^). 

11.  L.  Cambi  and  L.  Szego,  Ber. , 66,  656(1933). 

12.  A.  H.  White,  R.  Roper,  E.  Kokot,  H.  Waterman,  and 
R.  L.  Martin,  Australian  J.  Chem.,  L7»  29^(196^). 

15.  G.  Bozza,  Gazz.  chim.  ital.,  6^,  778(1933);  cf. 
reference  31. 

1^.  L.  Cambi,  Congr.  Intern,  quim.  pura  apl.,  9°»  Madrid, 

2,  199(193^);  cf.  Chem.  Abstr. , 2^,  6858(1935). 

15.  R.  B.  Janes,  Phys.  Rev.,  78(1935). 


158 


159 


16.  M.  Calvin  and  C.  H,  Barkelew,  J,  Am.  Chem,  Soc. , 68, 

2267(19^6). 

17.  B,  N,  Figgis  and  H,  S.  NyBolm,  J,  CBem,  Soc,,  1959 « 358* 

18.  H.  S.  French,  M,  Z,  Magee,  and  E.  Sheffield,  J,  Am. 

Chem.  Soc.,  6^,  192^(19^2). 

19.  J.  B.  Willis  and  D.  P,  Mellon,  J,  Am.  Chem.  Soc.,  69, 
1237(19^7). 

20.  F,  Basolo  and  W.  R.  Matoush,  J.  Am.  Chem.  Soc.,  75, 
5663(1953). 

21.  L.  Sacconi,  P,  Paoletti,  and  G.  Del  Re,  J.  Am,  Chem. 
Soc.,  79,  4062(1957). 

22.  L,  M.  Venanzi,  J,  Chem.  Soc.,  1958,  719. 

23.  G.  Maki,  J.  Chem.  Phys.,  28,  651(1958). 

24.  G.  Maki,  J.  Chem.  Phys.,  29,  1129(1958). 

25.  0.  J.  Ballhausen  and  A.  D.  Liehr,  J.  Am.  Chem,  Soc,, 

81,  538(1959). 

26.  J.  S.  Griffith,  J.  Inorg.  Nucl.  Chem.,  2,  229(1956). 

27.  L.  Sacconi,  R.  Cini,  M,  Ciampolini,  and  F.  Maggio, 

J.  Am,  Chem,  Soc,,  3487(1960). 

28.  J.  P.  Fackler,  Jr.  and  F.  A.  Cotton,  J.  Am.  Chem.  Soc. , 

82,  5005(1960). 

29.  R.  H,  Holm  and  T.  M.  McKinney,  J.  Am.  Chem.  Soc.,  82, 
5506(1960). 

30.  F.  A.  Cotton  and  J.  P.  Fackler,  Jr.,  J.  Am.  Chem.  Soc,, 

8^,  2818(1961). 

31.  G.  A.  Melson  and  D.  H.  Busch,  J,  Am.  Chem.  Soc.,  86, 
4830(1964). 

32.  D.  R.  Eaton,  W.  D.  Phillips,  and  D.  J.  Caldwell,  J. 

Am.  Chem.  Soc.,  8^,  397(1963). 

33.  E.  H.  Holm  and  K.  Swaminathan,  Inorg,  Chem.,  2,  181 
(1963). 


160 


5^.  H.  H.  Holm,  A.  Chakr avorty , and  G.  0.  Ludek,  J,  Am. 
Ciiem.  Soc.,  86,  379(1964). 

55.  G-.  W.  Everett,  Jr.  and  R.  H.  Holm,  J.  Am.  CHem.  Soc., 

87,  5266(1964). 

36.  G.  W.  Everett,  Jr.  and  R.  H.  Holm,  J.  Am.  CHem.  Soc., 

88,  2442(1966). 

37.  H.  C.  A.  King,  E.  K5r5s,  and  S.  M.  Nelson,  J.  Chem. 
Soc.,  1963,  5449. 

38.  H.  C.  A.  King,  E.  K5r6s,  and  S.  M.  Nelson,  J.  Chem. 
Soc.,  1964,  4832. 

59.  L.  Sacconi,  M.  Ciampolini,  and  G.  P.  Speroni,  Inorg, 
Chem.,  4,  1116(1965). 

40.  K.  Madeja  and  E.  K5nig,  J.  Inorg.  Nucl.  Chem.,  25, 
577(1965). 

41.  V.  A.  Baker,  Jr.  and  H,  M.  Bohonich,  Inorg,  Chem.,  3, 
1184(1964). 

42.  V.  A.  Baker,  Jr.  and  G.  J.  Long,  Chem.  Commiin. , 1965, 

568. 

43.  E.  K5nig  and  K.  Kadeja,  Chem.  Commun. , 1966,  61. 

44.  P.  E.  Piggins  and  D.  H.  Busch,  J.  Am.  Chem.  Soc,,  82, 

820(1960). 

45.  R.  C.  Stoufer,  D,  H.  Busch,  and  V,  B.  Hadley,  J,  Am. 
Chem.  Soc.,  3732(1961). 

46.  P.  Cossee,  Mol.  Phys.,  125(1960). 

47.  R.  Hogg  and  R,  G.  Wilkins,  J.  Chem.  Soc.,  1962,  340. 

48.  0.  Ramirez,  Ph.D.  Dissertation,  University  of  Florida, 
1965. 

49.  A.  D.  Liehr,  J.  Phys.  Chem.,  67,  1314(1963). 

50.  A.  H.  Ewald,  R.  L.  Martin,  I.  G.  Ross,  and  A.  H.  White, 
Proc,  Roy.  Soc.,  A280,  235(1964), 


51.  H.  Theorell  and  A,  Ehrenherg,  Acta,  Chem,  Sc and. , 
823(1951). 


161 


52.  ?.  George,  J,  Beetlestone,  and  J.  S.  Griffith., 
"Haematin  Enzymes,"  Pergamon  Press,  New  York,  1961, 
p.  105. 

53.  P.  A,  M.  Dirac,  "The  Principles  of  Quantum  Mechanics," 
Oxford  University  Press,  1958. 

5^.  J.  G.  Schmidt,  W.  S.  Brey,  Jr.,  and  H.  C.  Stoufer, 
Inorg.  Chem. , in  press. 

55.  Ref,  1,  chapter  9. 

56.  J.  H.  M.  Thornley,  C.  G.  Windsor,  and  J.  Owen,  Proc, 
Roy.  Soc.  A28A,  252(1965). 

57.  Ref.  1,  Appendix  2. 

58.  Y.  Tanahe  and  S.  Sugano,  J.  Phys,  Soc.  Japan,  9»  755 
(195^). 

59.  Ref.  1,  p.  107. 

60.  Ref,  1,  p,  271. 

61.  T,  M,  Dunn,  Trans,  Farad.  Soc.,  1^41(1961), 

62.  J,  Owen,  Proc.  Roy.  Soc.,  A227 , 183(1955). 

65.  0.  G.  Barraclough,  Trans.  Farad.  Soc.,  62,  1053(1966). 

6^.  T.  M.  Dunn,  "Modern  Coordination  Chemistry,"  Ed.  by 
J.  Lewis  and  R.  G.  V/ilkins,  Interscience  Publishers, 
Inc.,  New  York,  1965,  p.  28^. 

65.  0.  G.  Holmes  and  D.  S,  McClure,  J.  Chem.  Phys.,  26, 

1686(1957).  ~ 

66.  M.  Kotani,  J.  Phys,  Soc.  Japan,  293(19^9). 

67.  B.  C.  Guha,  Nature,  W,  1093(1965). 

68.  J.  S.  Griffith,  Trans.  Farad,  Soc.,  1109(1958). 

69.  B.  A.  Clevenger,  Master's  Thesis,  University  of 
Florida,  1961, 

70.  K.  Nakamoto,  "Infrared  Spectra  of  Inorganic  and  Co- 
ordination Compounds,"  John  Wiley  and  Sons,  Inc.,  New 
York,  1963,  p.  119. 


162 


71 « J.  H.  van  Santen  and  J.  S.  van  Vieringen,  Rec,  Trav. 
Cdim.  Pays-Bas,  71,  420(1952). 

72.  M.  T.  Barnet,  B.  M.  Craven,  H.  C.  Preeman,  N.  E.  Kime, 
and  J.  A.  Iters,  Chem.  Commun. , 1966,  307. 

73.  H.  M.  Eisher  and  R.  C.  Stoufer,  Inorg.  Chem.,  5»  1172 

(1966). 

74.  J.  A.  Bertrand  and  D.  A.  Carpenter,  Inorg,  Chem., 
514(1966). 

75.  Ref,  2,  chapter  7. 

76.  Ref.  55 » chapter  11. 

77.  J.  0.  Schmidt,  Ph,  D.  Dissertation,  University  of 
Florida,  1965. 

78.  M,  Bersohn  and  J.  C.  Baird,  "An  Introduction  to 
Electron  Paramagnetic  Resonance,"  W.  A.  Benjamin,  Inc,, 
Rev/  York,  1966. 

79.  0.  E.  Pake,  "Paramagnetic  Resonance,"  W.  A.  Benjamin, 
Inc.,  New  York,  1962, 

80.  W.  Low,  "Paramagnetic  Resonance  in  Solids,"  Academic 
Press,  Inc.,  Uew  York,  I960,  p,  91. 

81.  Ref.  1,  chapter  12, 

82.  Ref.  78,  p.  7^. 

83.  Ref.  3»  chapter  11. 

84.  K.  V.  H.  Stevens,  Proc.  Roy.  Soc. , A219<  5^2(1955). 

85.  V,  J.  McCarthy,  Ph.D.  Dissertation,  University  of 
Florida,  1966. 


BIOGRAPHICAL  SKETCH 


David  Lloyd  Williams  was  'born  March.  12,  1939 » io. 
Newton,  Massachusetts.  He  graduated  from  Newton  High 
School  in  June,  1957 ♦ 1^  June,  19&1»  received  a 

Bachelor  of  Science  degree  from  The  Massachusetts  Insti- 
tute of  Technology.  He  received  a Master  of  Science  degree 
in  August,  1963,  from  the  University  of  Vermont.  In 
September,  1965,  he  enrolled  in  the  University  of  Florida 
where  he  has  pursued  studies  toward  the  degree  of  Doctor 
of  Philosophy  until  the  present  time. 


163 


Tliis  dissertation  v;as  prepared  under  tlie  direction  of 


the  chairman  of  the  candidate ' s supervisory  committee  and 
has  been  approved  by  all  members  of  that  committee.  It  was 
submitted  to  the  Dean  of  the  College  of  Arts  and  Sciences 
and  to  the  Graduate  Council,  and  was  approved  as  partial 
fulfillment  of  the  requirements  for  the  degree  of  Doctor  of 
Philosophy. 

December  I7 , 1966 


ts  and  Sciences 


Dean,  Graduate  School 


Supervisory  Committee; 


I / 


